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Abstract

Aim: Periprosthetic joint infections are a devastating complication after arthroplasty, leading to rejection of the
prosthesis. The prevention of septic loosening may be possible by an antimicrobial coating of the implant surface.
Poly (hexamethylene) biguanide hydrochloride [PHMB] seems to be a suitable antiseptic agent for this purpose
since previous studies revealed a low cytotoxicity and a long-lasting microbicidal effect of Ti6Al4V alloy coated with
PHMB. To preclude an excessive activation of the immune system, possible inflammatory effects on macrophages
upon contact with PHMB-coated surfaces alone and after killing of S. epidermidis and P. aeruginosa are analyzed.

Methods: THP-1 monocytes were differentiated to MO macrophages by phorbol 12-myristate 13-acetate and
seeded onto Ti6Al4V surfaces coated with various amounts of PHMB. Next to microscopic immunofluorescence
analysis of labeled macrophages after adhesion on the coated surface, measurement of intracellular reactive oxygen
species and analysis of cytokine secretion at different time points without and with previous bacterial contamination
were conducted.

Results: No influence on morphology of macrophages and only slight increases in iROS generation were detected.
The cytokine secretion pattern depends on the surface treatment procedure and the amount of adsorbed PHMB. The
PHMB coating resulted in a high reduction of viable bacteria, resulting in no significant differences in cytokine secretion
as reaction to coated surfaces with and without bacterial burden.

Conclusion: Ti6Al4V specimens after alkaline treatment followed by coating with 5-7 ug PHMB and specimens treated
with H,0, before PHMB-coating (4 pg) had the smallest influence on the macrophage phienotype and thus are
considered as the surface with the best cytocompatibility to macrophages tested in the present studly.
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Introduction

The number of endoprosthetic interventions is rising,
with periprosthetic infections as one of the most fre-
quent complications [1]. The colonization predomin-
antly with species of the resident skin flora such as
Staphylococcus (S.) aureus, S. epidermidis and Cutibac-
terium acnes [2—4] can result in the formation of bio-
films, followed by rejection of the prosthesis and a need
for replacement in many cases [5, 6]. The inoculation of
perioperative contamination during the surgery often re-
sults from microorganisms in the depth of the skin sur-
rounding the surgical field [7].

A prevention of such infections is possible by surfaces,
that repel bacteria due to their surface characteristics, as
superhydrophobic surfaces [8, 9]. However, these sur-
faces would also repel human cells, impeding an in-
growth of the implant [10]. Thus, these surfaces may be
useful for the application on implants that have to be re-
moved after a certain time.

Another possibility is coating the implant material
with antimicrobial agents [11]. Existing coatings use
biocides that are released from the surface, as antibi-
otics, antimicrobial peptides [12], antiseptics or metal
ions [13-16]. However, the release of antibiotics and
some antiseptics as e.g. chlorhexidine [17] into body
fluids can provoke the formation of tolerance or resist-
ance [18-22]. Additionally, metal ions [20, 21] and
most synthetic biocide agents are not only antimicro-
bially effective, but also harm human cells. As an alter-
native, non-leachable coatings that kill bacteria upon
contact [23, 24] as for instance tightly adsorbed poly
(hexamethylene) biguanide hydrochloride [PHMB] can
minimize the probability of bacterial resistance formation.
This even in presence of organic burden and blood still ef-
fective antiseptic agent with broad spectrum activity [25]
was adsorbed onto Ti alloy surfaces by Miiller et al. and
Hornschuh et al. after treating the Ti6Al4V surface with
either H,O, or NaOH [26-28].

Until recently, PHMB’s efficacy was ascribed to its
polycationic properties, selectively damaging the micro-
bial plasma membrane comprising acid phospholipids,
leading to leakage of cell organelles and K*, and finally
resulting in cell death [29, 30]. The main compounds of
the plasma membrane of Gram-positive as well as
Gram-negative bacteria are anionic glycerophospholipids
as phosphatidylglycerol and diphosphatidylglycerol, be-
sides other phospholipids. In contrast, these compounds
are not found in the cell membrane of humans or other
mammals, that contain mainly phosphatidylcholine (leci-
thin) [31], explaining the high tolerance of eukaryotic
cells to PHMB. However, the interaction of PHMB with
anionic phospholipids of the plasma membrane seems
not to be the only reason for its antimicrobial efficacy.
Zaki et al. pointed out that the PHMB-polymer can
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assemble in a hairpin-like structure that collapses further
into a “snail-line” conformation with intense stacking by
the biguanide groups [32] resulting in nano-objects that
can interact with the phospholipid membrane similar to
positively charged nanoparticles or cell-penetrating pep-
tides [33], intracellularly producing an antimicrobial ef-
fect [32]. Both, mammalian as well as bacterial cells
absorb PHMB in this manner. However, just bacterial
chromosomes are clogged while mammalian cells encap-
sulate the antimicrobial agent in endosomes instead
[34]. Since no DNA-SOS repair system is activated and
no genotoxic or epigenetic effects are documented to
date, the intracellular antimicrobial effect of PHMB is
not associated with DNA degradation. This selective
chromosome condensation provides an unanticipated
paradigm for antimicrobial action that may not succumb
to resistance [35].

Miiller et al. demonstrated the antimicrobial effects of
PHMB adsorbed on Ti6Al4V surfaces after exposure to
S. aureus, S. epidermidis, E. coli, and P. aeruginosa [26].
The cell adherence and proliferation of osteoblast-like
MG63 cells were not affected negatively. However, an
immunological response has to be excluded, because
macrophages attaching to implant surfaces can recognize
the implant as a foreign body, leading to the secretion of
inflammatory cytokines. Since these cytokines provoke
an acute inflammatory process [36—38], macrophages
are another main cause for implant failure. Thus, in the
present study, the impact of the PHMB-coated Ti6Al4V
surfaces on monocyte-derived THP-1 macrophages was
investigated. Further to the morphologic analysis of the
macrophages on the PHMB-coated surfaces, the secre-
tion of cytokines and the formation of reactive oxygen
species were analyzed.

Additionally, to mimic pre-operative implant contami-
nations, a co-culture system was set up. For that, THP-1
derived macrophages were cultured on PHMB-coated
surfaces that were contaminated with S. epidermidis and
P. aeruginosa - microorganisms that predominantly
colonize implant devices - before. Cell morphology and
cytokine secretion were analyzed afterwards.

Materials and methods

Test specimen and surface treatment

Test specimens of Ti6Al4V alloy material with a diameter
of 1.1 cm and a thickness of 2 mm (DOT GmbH medical
implant solutions, Rostock, Germany) were used. The sur-
face was either oxidized by incubation of each disc in 1.0
ml 5% H,O, for 24h (H-surface) [26], protected from
light, or by alkaline treatment in 2.0 ml pre-heated 5 M
NaOH (60°C) for 2h (N-surface) [27]. Treatment was
conducted in 24-well cell culture plates. After washing in
1.5 ml sterile water (B.Braun Melsungen AG, Melsungen,
Germany) four times for 5min each, specimens were
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incubated in 1.0ml PHMB (Fagron GmbH&Co. KG,
Barsbiittel, Gremany) solution (30 ug/ml) in PHMB-
pre-coated 24-well plates. NaOH-activated specimens
were incubated for 0.5h, 1h, and 2h (NP-surfaces),
and H,O,-treated test specimens for 24h (HP-sur-
face). To estimate the amount of adsorbed PHMB
after incubation of the test specimens, 250 pl of the
coating solution with residual PHMB was spectro-
photometrically determined at 235 nm. With the help
of a calibration curve, the amount of adsorbed PHMB
was calculated. To set up the calibration curve, 250 pl
of PHMB solution with increasing concentrations (0—
30 pg/ml) were added to a 96 well quartz plate and
extinction at 235 nm was measured (Fig. S1).

PHMB-coated surfaces after NaOH-treatment con-
tained approximately 5pug, 7 ug and 10 ug PHMB/cm?
(NP5, NP7, NP10), whereas H,O,-oxidized specimen
adsorbed 4 ug PHMB/cm? (HP4-surface). The thickness
of the PHMB film is below 10 nm.

Cell culture and differentiation

Human leukemic THP-1 monocytes (Sigma Aldrich,
Darmstadt, Germany) were grown in RPMI1640 (PAN-
Biotch GmbH, Aidenbach, Germany), supplemented
with 10% (v/v) fetal bovine serum (FBS) and 2mML-
glutamine in a humidified atmosphere (37 °C, 5% CO,).
The cells were subcultured twice a week and the morph-
ology was checked regularly. The cell lines were free of
mycoplasmas. The cell viability was assessed by trypan
blue exclusion.

The THP-1 monocytic cells were differentiated with
phorbol 12-myristate 13-acetate (PMA; Sigma Aldrich,
Darmstadt, Germany) to unpolarized MO macrophages
in cell culture flasks. Concentrations of 25, 50 and 100
ng/ml PMA as well as different incubation periods (24 h,
48 h, 72h) were tested. Afterward, cells were washed
twice with phosphate buffered saline without Ca®*/Mg**
(w/oPBS), trypsinized and used directly for further ex-
periments without further addition of PMA.

Immunofluorescent labeling and confocal microscopy

The cell surface molecules CD14 and CD68 were stained
for fluorescent microscopy. After differentiation with
PMA (25 ng/ml) for 48 h, cells were trypsinized, seeded
onto test specimens and cultured for 2h in cell culture
medium without PMA. Afterwards, the specimens with
adhered cells were washed with wPBS and incubated in
1.5% paraformaldehyde for 10 min followed by two
washing steps with 1% (w/v) BSA in wPBS. Subse-
quently, the cells were incubated in wPBS/BSA with 1%
sodium azide for 10 min. After washing, cells were incu-
bated with 50 pl (10 pg/ml) primary mouse anti-human
antibodies CD14 (301,801, BioLegend, San Diego, CA,
USA) and CD68 (333,801, BioLegend, San Diego, CA,
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USA) for 1h at 4°C. Primary antibodies were labeled
with a secondary AlexaFluor® 488 goat anti-mouse IgG
antibody (50 pl, 2 pg/ml, 405,319, BioLegend, San Diego,
CA, USA) while protected from light for 1h. Before
fluorescent microscopy with a confocal laser scanning
microscope (Zeiss Axio Observer Z.1), cells were washed
twice in wPBS.

Cell adherence

Undifferentiated monocyte cells were adjusted to 2 x 10°
cells/ml and PMA (25ng/ml) was added. A volume of
50 pl was applied to each of the test specimens following
0.5h, 1 h and 2 h incubation in a humidified atmosphere.
Additionally, cells without PMA treatment were cultured
on the test specimens.

Afterwards, the specimens were washed in 1.0 ml fresh
cell culture medium in a 24-well cell culture plate and
immediately transferred again into a new well with 1.0
ml medium.

Non-adherent cells in the supernatant were detected
by determination of ATP (BacTiter-Glo, Promega, Madi-
son, WI, USA). For that, 100 pl of the supernatant were
transferred into a white 96-well plate and immediately
100 pl of BacTiter-Glo™ reagent were added. After incu-
bation for 10 min, the luminescence signal was measured
(Multimode reader LB941 TriStar, Berthold Technolo-
gies, Bad Wildbad, Germany). Using a calibration curve,
possibly loosened cells in the supernatants were
quantified.

Intracellular reactive oxygen species

THP-1 monocytes were differentiated to macrophages
(25 ng/ml PMA, 48 h) in T75 cell culture flasks and har-
vested by trypsinization. After subsequent centrifugation,
the pellet was suspended in cell culture medium. Cells
were adjusted to 2 x 10° cells/ml, and 50 pl of the sus-
pension were applied to each of the test specimens. In
addition to untreated control test specimens, NaOH-
and H,O,-treated surfaces as well as PHMB-coated sur-
faces were used. A 10 mM Menadione solution (2-me-
thyl-1,4-naphthoquinone, Sigma Aldirch, Darmstadt,
Germany) served as positive control.

The variously processed Ti6Al4V disks with adherent
cells were placed on wet cellulose flakes (Rotilabo® test
flakes) in a 24-well cell culture plate. After culture for 2
h in a humidified atmosphere, the supernatant was re-
moved and 50 pl CellRox® green reagent (Invitrogen,
Carlsbad, CA, USA) working solution were added fol-
lowing incubation for 30 min. To obtain the working so-
lution, CellROX® reagent was diluted as given by the
manufacturer in cell culture medium. Afterwards, cells
were washed twice with wPBS and lysed with 300 ul
NaOH (0.1 M) for 10 min. Thereafter, 200 pl of the cell
lysate were transferred into a black 96-well microtiter
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plate. Fluorescence was measured with an excitation
wavelength of 490 nm and emission wavelength of 535
nm (Multimode reader LB941 TriStar, Berthold Tech-
nologies, Bad Wildbad, Germany).

Macrophage cell viability on test specimens
Macrophages, pre-incubated with PMA (25 ng/ml) for
48 h were seeded on test specimens (100 pl, 1 x 10° cells/
ml) placed on wetted filter discs following cell culture
for 24h. Next to control test specimens, specimens
coated with PHMB after alkaline treatment (5, 7 and
10ug PHMB/specimen) and H,O,-treatment (4 pg
PHMB/specimen) were used. As positive control, LPS
(100 ng/ml) was applied. After 24 h, supernatants were
transferred to microreaction tubes, centrifuged for 3 min
at 4°C (34,000 x g) and stored at —20°C until use for
cytokine measurement. Fresh medium was added to the
cells and incubation was continued for 24 h, following
again a medium change and incubation for 24 h.

Furthermore, macrophages on control specimens were
cultured under addition of PHMB (1, 2 and 4 pg) in so-
lution for 24 h.

Cell viability of adhered cells was measured after 24 h,
48h and 72h using 2,3-Bis-(2-methoxy-4-nitro-5-sulfo-
phenyl)-2H-tetrazolium-5-carboxanilid (XTT disodium
salt, AppliChem, Darmstadt, Germany). The test speci-
mens were transferred into 1.0 ml of fresh cell culture
medium and 500 ul of XTT solution (1 mg/ml in cell
culture medium, 25puM phenazine methosulfate) were
added. After 3 h of incubation, absorbance was measured
at 450 nm and cell viability was calculated as % of con-
trol. After cell viability analysis, actin filament staining
was performed.

Co-culture medium, bacterial contamination and
subsequent cell culture
The Gram-positive slime-producing microorganism S.
epidermidis ATCC 35984 and the Gram-negative P. aer-
uginosa ATCC 27853 were used as test microorganisms.
A bacterial subculture was plated on Trypticase soy agar
(TSA) plates following incubation at 37 °C for 24 h. The
bacteria were harvested by rinsing the agar plate with
2.0 ml saline solution following centrifugation at 13,000
rpm for 1 min. Cells were washed once with 1.0 ml 1%
Tween 80 to disrupt cell clusters and twice with wPBS.
After final centrifugation at 5,000 rpm for 3 min, bacteria
were resuspended in co-culture medium. The optical cell
density (OD) of the suspension was adjusted to 0.30-
0.35 (S. epidermidis) and 0.11-0.15 (P. aeruginosa) at
620 nm, respectively, to reach a bacterial density of 1-
3 x 10® cfu/ml.

For the co-culture experiments, a special co-culture
medium was applied consisting of cell culture medium
with addition of 10% tryptic soy broth [27, 28]. The

Page 4 of 13

initial bacterial suspension was diluted in this medium
to 1-3 x 10° cfu/ml.

A volume of 50 pl of the bacterial suspension was ap-
plied to the test specimens (control, NP with 5 pg, 7 ug
or 10 ug PHMB) that were placed on wetted cellulose
flakes. After incubation for 6 h at 37 °C, the supernatant
was removed and 100 pl of a macrophage cell suspension
(1 x10° cells/ml) were added following cell culture for
24 h in a humidified atmosphere. Next, the supernatants
were removed, centrifuged at 13,000 rpm and stored at
-20°C until cytokine measurement. Fresh medium
(100 pl) was added to the cells and incubation was con-
tinued for further 24 h. The medium was renewed and
cells were incubated again for 24 'h. The supernatants
again were stored for cytokine measurement. Simultan-
eously, cell viability analysis and actin filament staining
were performed at day 1, 2 and 3 of cell culture.

For determination of reduction factor (rf), bacteria in-
cubated on further test specimens for 6h on PHMB-
uncoated and -coated surfaces were removed from the
surface. For that, the specimens were placed in a 24-well
cell culture plate with 1.0 ml NaCl solution and glass
beads and incubated while shaking for 2min. After-
wards, the suspension was plated on trypticase soy agar
plates. After counting, rf were calculated by following
formula: rf = 1g,,. — lg,q, where rf is the lg bactericidal re-
duction factor, nc is the number of cfu/ml from control
plates, and nd is the number of cfu/ml after exposure to
the PHMB coated surface. The rf is calculated as mean
factor from three to five independent experiments.

Actin filament staining

Specimens with adherent cells were washed and cells
fixed by addition of 1.5% paraformaldehyde. Afterwards,
cells were washed with wPBS twice and incubated in
0.1% Triton X-100 for 15 min. After washing, Molecular
Probes™ Image-iT™ FX signal enhancer (Invitrogen,
Carlsbad, CA, USA) was added and let stand for 30 min.
The solution was removed and Alexa Fluor® 488-
Phalloidin (Invitrogen, Carlsbad, CA, USA) in wPBS
with1% BSA was applied. After 60 min incubation, the
test specimens were washed with wPBS twice and dried.
For confocal laser scanning microscopy, an argon laser
(488 nm) with a band-pass filter (505—-530 nm) was used.

Cytokine detection

First, the secretion of TNFa and IL-6 was analyzed after
culture of THP-1 macrophages on Ti6Al4V specimens,
contaminated with S. epidermidis and P. aeruginosa be-
fore, wusing ELISA assay (PeproTech, Hamburg,
Germany). The assay was conducted as given by the
manufacturer. After each step, a washing step was in-
cluded. In short, capture antibody was incubated in 96-
well plates at 4 °C overnight; block buffer was added and
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incubated for 1h at room temperature. Then, the sam-
ples and standards were incubated for 2 h in the micro
well plate. Following the next washing step, an Avidin-
HRP conjugate was added and incubation was per-
formed for 30 min. Color development after reaction
with ABTS substrate was analyzed after 25 min.

To study further secreted cytokines associated with in-
flammation of THP-1 macrophages after cultivation fol-
lowing a contamination with S. epidermidis, the
LEGENDplex™ human M1/M2 macrophage and the hu-
man inflammation panel (BioLegend, San Diego, CA,
USA) were used and conducted as given by the manu-
facturer. In short, the stored supernatants were incu-
bated overnight with assay buffer and capture beads
while shaking at 4 °C. The samples were washed and de-
tection antibody was added. After subsequent incubation
for 1 h while shaking at room temperature, streptavidin-
phycoerythrin was applied and samples were incubated
again for 30 min while shaking. After washing, 100 pl of
wash buffer were added to the samples. Measurement
and analysis were done with BD FACSCanto, FACSDiva
8.0.2 and LEGENDplex™ software.

Statistical analysis

Quantity changes of reactive oxygen species between
control surfaces and treated surfaces (fold change) were
represented as mean + SD. The experimental reproduci-
bility was assured by conducting three to six
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independent trials consisting of two technical replicates
each. The statistical significance was tested with the
Kruskal-Weallis test following Dunn’s comparison.

For the LEGENDplex™ assay, minimum five independ-
ent experiments were performed, each comprising two
technical replicates. Statistical analysis was done with
Kruskal-Wallis tests following Dunn’s comparison and
two-way ANOVA followed by Bonferroni post test,
respectively.

Results

Monocyte differentiation and cell adherence

An incubation period of 48 h while adding 25ng/ml
PMA was selected as an adequate parameter for differ-
entiation of THP-1 monocytic cells to unpolarized MO
macrophages. The macrophages became adherent and
cell spreading increased (Fig. 1). The expression of the
macrophage marker CD68 on the differentiated cells was
rising compared to undifferentiated monocytes (Fig. 1).
Additionally, the CD14 marker was more clearly
expressed on the monocytic cells than on the differenti-
ated macrophages (Fig. 1), which confirmed successful
differentiation.

Independently of the tested incubation times (30 min,
1h and 2 h), 100% of the cells treated with PMA adhered
to the surface of control specimens, on H- and N-
processed and on PHMB-coated HP- and NP-surfaces.

CD14

before
differentiation
monocytes

after

differentiation
macrophages

PMA; 40x magnification

Fig. 1 Monocyte differentiation of THP-1 cells to MO macrophages. Representative confocal microscopic images of cells immune labeled (green)
for CD14 (left panels) and CD68 (right panels) and stained cell nuclei with Pl (red), before (upper panels) and after (lower panels) treatment with

CD68
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Control cells without PMA treatment did not adhere to
all tested surfaces.

Analysis of cell differentiation and morphology on PHMB-
coated surfaces

Macrophages differentiated before contact to the test
specimen show a spreaded shape for up to 72h on un-
treated Ti6Al4V surfaces (Fig. 2). Podosomes and stress
fibers were visible over the whole incubation period. LPS
treatment led to more ellipsoid cell spreading and devel-
opment of filopodia. PHMB-coating resulted in a more
rounded shape of the cells with less podosomes and
stress fibers. Contamination of uncoated Ti6Al4V-
surfaces with S. epidermidis or P. aeruginosa led to
slightly stronger cell spreading but less podosome for-
mation. The contamination of surfaces with antimicro-
bial coating and previous contamination did not result
in changes in actin filaments in comparison to non-
contaminated coated surfaces (Fig. 2).

Intracellular reactive oxygen species

Cultivation of macrophages on H- and N-surfaces in-
duced only slight, non-significant increases in iROS
(Fig. 3). The PHMB-coated H,0O,-oxidized surface (HP)
containing 4 pg PHMB increased reactive oxygen species
generation 1.36 times. Similar amounts of PHMB on the
NaOH-treated surface (NP) increased the iROS gener-
ation only 1.14 times. The coating of NaOH-processed
surfaces with 7 and 10 pg PHMB produced a 1.36- and
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1.73-fold increase of iROS, respectively. The positive
control Menadione doubled the amount of iROS.

As observed, the CellRox® treatment of cells incubated
previously with the positive control Menadione, led to
loosening and detachment of cells, resulting in a low
signal.

Antimicrobial efficacy

PHMB-coated test specimen (NP5, NP7, NP10) were
treated with 50 ul of a 1 x 10° cfu/ml bacterial suspen-
sion of S. epidermidis and P. aeruginosa, respectively, for
6 h. After the incubation on the NP10 surface, nearly no
viable microorganisms could be detected in the plated
volume, reflected by reduction factors (rf) of 3.57 and
5.36 (Fig. 4). The NP7 surface also led to high reduction
factors (3.27 and 5.36 respectively). The coating with
5pug PHMB led to a high reduction of S. epidermidis
(rf = 3.07) but only to a slight reduction of P. aeruginosa
(rf = 1.75). Reduction factors for the reduction on the
HP surface with 4 ug PHMB were already published by
Hornschuh et al. (2019) [24]. The reduction factor for S.
epidermidis on the HP4 surface was about 3.84 + 0.34
log levels. P. aeruginosa was reduced by 5.6 +0.26 log
levels.

Viability of macrophages on different surfaces

Adsorbed PHMB on the specimen surface did not cause
changes in the relative viability of macrophages cultured
for 24'h (Fig. 5), 48 h or 72h, but 2 ug and 4 ug PHMB
in solution decreased the cell viability significantly

THP-1

2

control

NP 10

THP-1+ P. aeruginosa THP-1+ S.epidermidis

Fig. 2 Cell morphology of macrophages differentiated before attachment to test specimen with and without PHMB-coating (NP10). Cultivation
for 24 h with and without contamination of test specimens with S.epidermidis and P.aeruginosa prior to cell attachment

THP-1+LPS
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f already after 24 h (Fig. 5). The contamination of PHMB-
coated test specimen with S. epidermidis or P. aerugi-
nosa led to no changes in cell viability in comparison to
coated and uncoated surfaces. The viability of macro-
phages on uncoated, contaminated surfaces was not
measurable, but a biofilm formation on the test speci-

_|_ '|' -‘V .|_ '|‘ men was observed.

Cytokine secretion
First, the secretion of cytokines after contamination of
the test specimens with S. epidermidis and P. aeruginosa

H
]
*

w
1

reactive oxygen species
[fold increases]
o i

0 * S Q'\ N was analyzed using ELISA assay (Fig. 6). The coating

AR SR b‘o with PHMB (10 pg) had slight increasing effects on

& TNFa secretion and no effects on IL-6 secretion. A con-

N tamination with S. epidermidis led to strong increases in

Fig. 3 Fold increases of reactive oxygen species (iROS) generated both IL-6 and TNFa-secretion. The coating with PHMB

after 2 h incubation of macrophages on variously treated Ti6AI4V
implant surfaces (H=H,0,-oxidized, N = NaOH-treated, HP/NP =
PHMB coated after H,O,- or NaOH-processing with adsorbed

reduced this secretion to a normal level. The contamin-
ation with P. aeruginosa led not to increases in cytokine

amounts of PHMB) analyzed with CellROX® green reagent. Signal secretion.
intensity (mean + SD for n = 3-6) is represented as fold increase of For further experiments, only a contamination with S.
IROS in cells on untreated TIGAI4V surfaces epidermidis was conducted. For macrophages cultured

on the HP surface, the secretion of six cytokines (TNFa,
IL-6, IL-10, IL-1pB, IL-1RA, IP-10) was analyzed after 24
h (Fig. 7, Table 1). Cytokine secretion after cultivation
on different NP surfaces (5 pg, 7 ug, 10 pg) without and

~

reduction factor
reduction factor

NP 5 ug NP 7 ug NP 10 pg

C HP 4 pg

S. epidermidis ‘

P. aeruginosa

Fig. 4 Log10 reduction factors of A) S. epidermidis and B) P. aeruginosa incubated for 6 h on PHMB-coated Ti6Al4V specimens with different
PHMB concentrations. The horizontal line illustrated the mean of counts (+SD) of living microorganisms on control specimens. C Crystal violet
staining of bacteria after incubation on PHMB-coated test specimens. An adherence of bacteria was observed on the HP4 (S. epidermidis) and the
NP5 (P. aeruginosa) surfaces
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with contamination with S. epidermidis (6 h) was analyzed
after 24 h, 48 h and 72 h for ten cytokines (TNFa, IL-6, IL-
10, IL-1pB, IL-1RA, IP-10, CCL-2, IL-8, IL-18, IL-23).

The cytokine secretion was highest after 24 h of incu-
bation following a rapid decrease (data not shown). Nei-
ther the oxidized H-surface nor the alkaline-processed
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N-surface induced significant changes in cytokine secre-
140 tion in comparison to that of the control surface (data
130 not shown).
— 120 In comparison to the control surface, the HP-surface
o\:. 110 I led to increases in the secretion of all measured cyto-
> 100 m kines after 24 h: IL-1B (3.2-fold increase), TNFa (1.5-
% 90 ::4 eex fold), IL-6 (11.5-fold), IL-10 (3.1-fold), IL-1RA (2.6-fold)
< 80 7 XS and IP-10 (1.6-fold).
; 70 ’ ::j K3 On NP-surfaces, the more PHMB was adsorbed, the
g 60 ’ ::: ::: higher was the cytokine secretion (Table 1).
© 50 ’ ::: ::: ol The NP-surface containing 5pg PHMB was the one
S 40 ’ 3 14 T with the least effect on cytokine secretion. A previous con-
% 30 v ::: ::: 1 tamination with S. epidermidis hat just slight effects on
- 20 ’ ::: ::: ::: cytokine secretion in comparison to non-contaminated,
10 ’ ::j ::j ::: but PHMB-coated surfaces.
ol L] AR RS
Discussion
@%&@«Q\Qggégé?’é %% N2 As joint replacement leads to the attachment of macro-
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pro-inflammatory cytokines (e.g. IL-6, TNFa) and ROS,
leading to integration failure via tissue damage [42—45].
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cells to the site of injury, promoting the polarization of T
cells to Thl-cells [42, 43, 46]. In contrast, M2 macrophages
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[43, 47, 48], leading to increased osseointegration [49-51]
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by suppressing the production of pro-inflammatory cyto-
kines and secreting anti-inflammatory cytokines as IL-10 or
IL-1 receptor type A [52—54].

THP-1 cells display a monocytic-like cell line with dis-
tinct monocytic markers [55]. Treatment with phorbol
esters leads to differentiation to MO macrophages,

behaving similarly to native macrophages and thus pro-
viding a suitable model for studies of macrophage re-
sponses [56]. Their differentiation leads to secretion of
various cytokines as IL-6, TNFa, IL-1f and IL-10 [57].
For these reasons, THP-1 monocytic-like cells were
chosen as the model in the present study.

Table 1 Fold changes of relative cytokine concentrations after 24 h cultivation of THP-1 derived macrophages on PHMB-coated

Ti6AI4V surfaces. *p < 0.05; **p < 0.01; **p < 0.001; values <|-1.5| are

not determined. w S.e. = with previous S. epidermidis contamination,

considered as no changes and displayed in italics and grey, n.d.
NP/HP PHMB-coated surface after NaOH or H,O»-treatment

NP5 w NP7 w NP10 w
fold change NP5 S.e. NP7 S.e. NP10 S.e. HP4
IL-1R 2.3 1.9 3.8%** 4 Q*** 5.5%** 4.6%** 3.2
TNFA 5.5 7.1 21.1 39.3* 32.8% 79.9%** 1.5
MCP-1 -1.7 -1.6 2.7 2.2 2.0** 5.0 n.d.
IL-6 4.7 1.6 6.5 8.3 30.8%** 21.6* 11.5%**
IL-8 -27.1%* -8.7** -2.6 -1.4 -1.3 1.2 n.d.
IL-10 1.2 1.6 1.9*% 2.7%x* 1.7 3.7%x* 3.1%*
IL-18 1.3 -1.1 1.6 1.5 2.4 1.8** n.d.
1L-23 -1.3 -2.0 1.8 2.2 5.1%* 5.9%** n.d.
IL-1RA 1.7 -1.0 1.4 1.2 2.1 1.2 2.6
IP-10 -5.2 -84.3 -17.0 -60.8 -2.1 -4.9 1.6
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The successful differentiation of THP-1 using PMA
was confirmed by fluorescence staining of CD14 and
CD68, revealing the differentiation to macrophages. The
morphology of differentiated cells was macrophage-like
after treatment with PMA on PHMB-coated (HP, NP)
and uncoated (H, N) surfaces.

A study of Kamendulis et al. revealed that the anti-
microbial agent PHMB itself does not evoke immune
cell activation. An incubation of RAW264.7 mouse mac-
rophages under stimulation with PHMB neither led to
activation of the cells nor to increased proliferation [58].
In our study, we neither regarded a cell activation of
monocytes cultured on PHMB-coated surfaces, confirm-
ing the findings of Kamendulis et al.

The contamination with microorganisms and a follow-
ing biofilm formation impedes cell attachment and thus
an osseointegration of the implant. The coating with
PHMB prevents the biofilm formation by contact killing
of bacteria immediately after their attachment to the im-
plant surface. Thus, a possible contamination that can
occur during the surgery from the depth of the skin is
prevented, enabling cell attachment and osseointegra-
tion. In our study, on uncoated and contaminated speci-
mens a biofilm formation was visible, that impeded
macrophage attachment. In contrast, PHMB-coated
specimens enabled macrophage attachment and viability
by previous killing of microorganisms.

However, microenvironmental stimuli as a surface
coating can increase the generation of iROS. Reactive
oxygen species cause an increased passage of inflamma-
tory cells from the blood to the tissue what promotes
tissue injury [59]. iROS that overload the cell’s antioxi-
dant response can result in further inflammation and
cytotoxicity. As shown by Kim et al., PHMB induces just
slight increases of 1.39-fold in iROS after treatment of
A549 cells with PHMB (20 pg/ml) for 3 h, which is as-
sumed to be a non-toxic level of ROS [60]. Our study
also demonstrated only slight increases in iROS after
cultivation of macrophages on PHMB-coated HP- and
NP-surfaces for 2 h. Only amounts of > 7 ug PHMB/spe-
cimen on alkaline treated implant material led to slightly
higher amounts of iROS. In contrast, the kind of pre-
treatment of the surface before PHMB adsorption did
not have an effect on iROS generation. The positive con-
trol Menadione showed only minor effects, due to de-
tachment of cells after CellROX® treatment. Regarding
these results, the PHMB coating may not evoke increas-
ing inflammatory effects.

However, a main reason for inflammatory processes
are cytokines, secreted by macrophages. Based on the
cytokine profile secreted by macrophages, it is possible
to discriminate between M1 and M2 macrophages. M1
macrophages secrete high levels of inflammatory cyto-
kines as IL-6, IL-1p and TNFa, whereas M2

Page 10 of 13

macrophages express anti-inflammatory cytokines as IL-
10 or IL-1RA [61]. By M1 macrophages secreted pro-
inflammatory cytokines contribute to the activation of
NF«B and cause an influx of inflammatory cells to the
site of injury [42, 43, 46]. These reactions result in in-
flammation and bone resorption [62], promoting im-
plant failure.

After a treatment of human colon adenocarcinoma
cells (Caco-2), mouse neural cells (N2-A) and human
hepatocellular carcinoma cells (HepG2) with PHMB
(80 pug/ml) for 12 h, Creppy et al. revealed mainly slight,
non-significant increases in cytokine levels [34]. But, as
for iROS generation, also microenvironmental stimuli as
the physical surface properties of an implant can also
have an influence on the differentiation and polarization
of monocytes to pro-inflammatory M1 and anti-
inflammatory M2 macrophages [50, 51, 63—66], explain-
ing why the surface of an implant is critical for success-
ful osseointegration [67, 68]. In a study of Hotchkiss
et al. a reduction of pro-inflammatory cytokine secretion
(IL-1B, IL-6, TNFa) of primary murine macrophages
after the chemical and mechanical treatment of a TiZr-
alloy is stated [51]. The treatment of a titanium surface
with ozone also led to a reduction in the pro-
inflammatory cytokines TNFa and IL-6 by LPS stimu-
lated macrophages [69].

In our study, we proved the cytokine secretion of MO
macrophages incubated on uncoated and PHMB-coated
surfaces without and with previous bacterial contamin-
ation. Even if due to the antimicrobial effect of the sur-
face coating nearly no viable microorganisms remain on
the implant surface, residual bacterial cell wall debris
and other fragments might have an impact on cytokine
secretion. Nevertheless, cytokine secretion was just
slightly increased in contrast to non-contaminated
PHMB-coated surfaces. Our study revealed the smallest
impact on cytokine levels in comparison to uncoated
Ti6Al4V surfaces for the NP5 surface. Interesting is the
strong reduction of IL-8 and IP-10 due to the NP5 and
the NP7 surface. The IL-8 decrease indicates a downreg-
ulation of osteoclastogenesis [70] whereas the strong de-
crease in IP-10 secretion is a marker for a reduced
interferon activity, thus indicating reduced activation of
macrophages and antigen presentation.

In comparison to the NP surfaces, the HP surface led
to a slightly different cytokine secretion pattern. The
HP4 surface led to increased secretion of IL-10, IL-1RA,
IL-6 and IP-10 giving reasons to believe in a shift of MO
macrophages to M2 macrophages. The high amounts of
IL-10 as well as the reduced amounts of IL-8 addition-
ally indicate a downregulation of osteoclastogenesis [70,
71]. Moreover, IL-10 secretion acts anti-inflammatory by
inhibiting macrophages by negative feedback-loop, thus
also decreasing TNFa production.
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In comparison to the control surface, especially NP-
specimen containing 5 pg PHMB and HP4-surfaces led
to the lowest effects on the cytokine secretion pattern
and minor inflammatory effects, respectively, and are
thus considered as surfaces with a high cytocompatibil-
ity. The NP7 surface led to higher cytokine secretion in
comparison to the NP5 surface. However, it is also con-
sidered as a possibly compatible coating, because of its
higher antimicrobial efficacy in comparison to the NP5
surface. Additionally, the advantage of the NaOH treat-
ment prior to PHMB coating lies in the adjustability of
the adsorbed PHMB amount and the possibility to con-
trol the antimicrobial efficacy as well as the cytokine se-
cretion. But, with nearly equal amounts of PHMB, the
HP4 surface has an even higher antimicrobial activity in
comparison to the NP5 surface with less changes in the
cytokine secretion pattern of the macrophages.

However, also increasing pro-inflammatory cytokine
levels were detected after incubation of macrophages on
the HP4 surface. As shown by Lencel et al., who de-
tected increases in alkaline phosphatase activity and
calcium apatite formation due to rising TNFa concen-
trations, these effects might have a positive effects on
osseointegration [72]. Additionally, an acute inflam-
matory process is also necessary for optimal wound
healing, but a shift to chronic inflammation should be
prevented. In what extend the shifts in cytokine se-
cretion shown in our study have an overall pro- or
anti-inflammatory effect has to be further evaluated.

Conclusion
The kind of treatment of the implant surface for PHMB
adsorption as well as the amount of adsorbed PHMB
have an impact on macrophage reactions. The NP5-
surface and the HP4-surface generally had a minor influ-
ence on the macrophages and should therefore be con-
sidered as the ones with the best cytocompatibility with
macrophages tested in the present study. Cell adherence
and cell morphology of macrophages were not impaired
by PHMB. Additionally, a contamination of HP- and
NP-surfaces with S. epidermidis did not show a signifi-
cant effect on macrophage viability due to a high reduc-
tion in viable microorganisms by the PHMB-coating.
Whether the presented PHMB-coatings have a long-
term impact on inflammatory reactions should be fur-
ther evaluated to determine, if a chronic inflammatory
reaction can be prevented by PHMB-coating. Addition-
ally, to evaluate impacts on osseointegration, co-cultures
with osteoblast-like cells should be performed to analyze
alkaline phosphatase activity and calcium apatite forma-
tion. This would enable a more explicit recommendation
for the use of PHMB as an antimicrobial coating on im-
plant devices.
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