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Abstract

In the quest for finding new strategies to enhance tissue integration and to reduce the risk of
bacterial colonisation around endosseous implants, we report the application of auto-oxidative
phenolic coatings made of tannic acid and pyrogallol to titanium surfaces. The functionalised
surfaces were screened for their biological performance using cultures of primary human
osteoblasts and biofilm-forming bioluminescent staphylococci S. epidermidis Xen43 and S.
aureus Xen29. No toxic effect of the coatings on osteoblasts was detected. While tannic acid
coatings seemed to induce a delay in osteoblast maturation, they revealed anti-inflammatory
potential. Similar effects were observed for pyrogallol coatings deposited for 24 h. Thin
pyrogallol coatings deposited for 2 h seemed to promote osteoblast maturation and revealed
increased calcium deposition. The effects on osteoblast were found to be related to the release

of phenolic compounds from the surfaces. While the phenolic coatings could not inhibit
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staphylococcal biofilm formation on the titanium surfaces, released phenolic compounds had
an inhibitory effect the growth of planktonic bacteria. In conclusion, the assessed coating
systems represent a versatile functionalisation method which exhibit promising effects for

endosseous implant applications.
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1 Introduction

The performance of bone-anchored implants, such as orthopaedic or dental implants, is highly
dependent on the early events taking place at the implant-tissue interface. Ideally, undisturbed
peri-implant healing leads to a stable integration of the implant in the surrounding bone tissue,
ensuring a long-lasting function of the implant. However, there are several factors influencing
the peri-implant bone healing process, such as bone type, implantation location, the extent of
induced trauma, or the degree of initial implant fixation.! Moreover, bone healing can be
compromised in the presence of systemic diseases or other risk factors, such as smoking or
radiation therapy.>® A further factor that may contribute to an unsuccessful implantation
outcome is the occurrence of biomaterial-associated infections caused by bacteria, which enter
the implantation site and form a biofilm on the implant surface.®®

Particularly in such situations where bone healing is impaired and the infection risk is high,
there is a desire to influence the implant-tissue interface in a way that host tissue integration is
promoted and bacterial colonisation is prevented. Changing the properties of the implant
surface belongs to the most common strategies to improve bone tissue integration.’
Traditionally, this has been achieved by altering the surface micro- and nanoscale topography
(e.g. by grit-blasting and acid-etching), by coating the implant surface with calcium

phosphates, or by anodising the surface.’®3 More recent approaches have focused on the
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immobilisation of bioactive molecules, such as extracellular matrix proteins, RGD-containing
peptides, growth factors, or antimicrobial agents, onto the implant surface to help evoking the
desired implant-tissue interaction.'4’

Over the past few years, the use of universal coating systems to functionalise biomaterial
surfaces has attracted increasing attention.'®?! Beside the intensively studied mussel-inspired
polydopamine system,??* these coating systems also include a group of plant-derived
compounds rich in functional catechol and gallol groups. Several of such polyphenols and
phenolic compounds have been demonstrated to form multifunctional adhesive coatings on a
diverse range of materials via auto-oxidative surface polymerisation.?>?’ In particular, coatings
based on tannic acid (TA) and pyrogallol (PG) have been reported to exhibit antioxidant and
antibacterial properties,>® making them promising candidates for biofilm-resistant surface
coatings of biomedical implants.

With the motivation of using these functional polyphenol coatings to design cell-adhesive and
antibacterial surfaces for endosseous implants, the present study aimed at investigating the
effect of auto-oxidative TA and PG coatings on human osteoblasts (hOBs). In addition, the
antibacterial activity of the coatings was tested in a bacterial assay using Staphylococcus
epidermidis and Staphylococcus aureus. Since our recent study demonstrated that the structural
properties of TA and PG coatings were dependent on the coating time, and thus, the coating

thickness,?® the tests in this work were performed on both thin (10-30 nm) and thick (60—

80 nm) coatings.

2 Materials and methods

2.1 Sample preparation
Grade IV commercially pure titanium discs with a diameter of 6.2 mm and a height of 2 mm

were mirror-polished and washed as described previously,?® and autoclaved for 20 min at
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121°C. All chemicals for coating preparation were purchased from Sigma-Aldrich. Tannic acid
and pyrogallol were of ACS reagent grade. The coating buffer for TA was made of 0.1 M bicine
containing 0.6 M NaCl. For PG coatings, the coating buffer consisted of 0.1 M bis-tris
containing 0.1 M MgCl». The pH of the coating buffer was adjusted to 7.8 for TA and 7.0 for
PG. The phenolic compounds were dissolved in the coating buffers at a concentration of 1
mg/ml (0.6 mM for TA and 7.9 mM for PG) and the coating solutions were filter-sterilised
using sterile 0.2 um syringe filters. Coatings were produced by immersing the substrates in the
coating solutions for either 2 h (TA2 and PG2; thin coatings) or 24 h (TA24 and PG24; thick
coatings) at room temperature while shaking on a rocking platform at 30 oscillations per
minute. The coated substrates were thereafter thoroughly rinsed with deionised (DI) H2O and

dried under nitrogen flow. Unmodified titanium discs (Ti) were used as control surfaces.

2.2 Coating stability test

The stability of the coatings was tested using a quartz crystal microbalance with dissipation
monitoring (QCM-D, Q-Sense E4, Biolin Scientific AB, Stockholm, Sweden). TA and PG
coatings were deposited on titanium coated quartz crystals (QXS 310, Biolin Scientific) using
a flow system described previously.?® Briefly, the coating solutions were stirred at 100 rpm
outside the instrument while being pumped over the quartz crystal at room temperature using
a flow rate of 100 pl/min. After either 2 h or 24 h of coating deposition, the coated crystals
were first rinsed with coating buffer, followed by rinsing with phosphate buffered saline (PBS;
pH =7.4) at 37°C for 12 h. After this, a final rinsing step with coating buffer was applied.

During the whole experiment, the changes in resonance frequency were monitored.

2.3 Cell study
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2.3.1 Cell culture

Human osteoblasts (Lonza, Basel, Switzerland) were cultured in osteoblast basal medium
supplemented with OGM-SingleQuots (Lonza), containing 10% fetal bovine serum, 0.1%
amphotericin/gentamicin and 145 uM ascorbic acid. Cells were routinely cultured at 37°C/5%
CO- and were subcultured before reaching confluence using trypsin/EDTA, as recommended
by the supplier. Trypan blue stain was used to determine total and viable cell number.
Experiments were performed with cells at passages 5 to 7 after isolation.

Samples were placed in 96-well plates and 7.0 x 10° cells were seeded on each well (n =6,
unless otherwise specified). Culture media was supplemented with 200 nM hydrocortisone,

and after evidence of cell multilayering, with 10 mM B-glycerophosphate.

2.3.2 Cytotoxicity

Lactate dehydrogenase (LDH) activity in the culture media 48 h after seeding was used as an
index of cytotoxicity. LDH activity was determined spectrophotometrically after 30 min
incubation at 25°C of 100 ul of culture and 100 pl of the reaction mixture by measuring the
oxidation of NADH at 490 nm in the presence of pyruvate, according to the kit instructions
from the manufacturer (Roche Diagnostics, Mannheim, Germany). Results are presented
relative to the LDH activity in the medium of cells seeded on Ti (low control, 0% of cell death)
and on plastic adding 1% Triton X-100 (high control, 100% of death), using the equation:

Cytotoxicity (%) = (exp.value — low control) / (high control — low control) x 100.

2.3.3 Cell morphology

Cells grown for 48 h on the surfaces were fixed for 15 min with 4% formaldehyde in PBS. For
actin cytoskeleton visualisation, cells were stained for 30 min with 5 pg/ml phalloidin Alexa
Fluor 488 (Life Technologies, Carlsbad, CA, USA) with 0.2% Triton X-100 in PBS. Then,

nuclei were stained with DAPI (Sigma-Aldrich) for 5 min. A drop of mounting media was
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added and cover glasses were mounted on the samples. Two samples of each group were used
to perform the experiment and two images of each sample were taken with a Leica SP8 upright
confocal laser scanning microscope (CLSM; Leica, Wetzlar, Germany) with 40x/1.30 HC PL
APO CS2 objective using 405 nm and 488 nm excitation wavelengths for DAPI and phalloidin,

respectively.

2.3.4 Metabolic activity

Reduction of resazurin to resorufin by cellular respiration was used as a measure of the
metabolic activity of cells cultured on the sample surfaces. After 2 and 6 days of cell culture,
20 pl of PrestoBlue (Life Technologies) in 200 ul of fresh culture media was added to cells and
the cells were incubated for 1 h at 37°C/5% CO2 with the reagent. Metabolic activity was then
determined by reading the absorbance of the culture media at 570 and 600 nm, following

manufacturer’s protocol.

2.3.5 Gene expression analysis

After 7 and 14 d of cell culture, total RNA was isolated using guanidinium thiocyanate-phenol-
chloroform extraction (Trizol, Life Technologies) according to the manufacturer's protocol.
Total RNA was quantified at 260 nm using a NanoDrop spectrophotometer. The same amount
of RNA (0.2 ug) was reverse transcribed to cDNA at 42°C for 60 min, according to the protocol
from the supplier (First Strand cDNA Synthesis Kit, Thermo Scientific, Waltham, MA, USA).
Each cDNA sample was diluted 1:7 and aliquots were frozen (-20°C) until the PCR reactions
were carried out.

Real-time PCR was performed for the target genes and two reference genes (Table S1,
supporting information). Real-time PCR was performed in a thermocycler (CFX96, Bio-Rad,
Hercules, CA, USA) using SYBR green detection. Each reaction contained 7 pl of master mix

(Q-SYBR, Green Supermix, Bio-Rad), 0.5 uM of the sense and the antisense specific primers
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each, and 3 pl of the cDNA dilution in a final volume of 10 pl. The amplification programme
consisted of a pre-incubation step for denaturation of the template cDNA (5 min at 95°C),
followed by 45 cycles consisting of a denaturation step (10 s at 95°C), an annealing step (10 s
at 60°C) and an extension step (10 s at 72°C). After each cycle, fluorescence was measured at
72°C. A negative control without cDNA template was run in each assay. All samples were
normalised by the geometric mean of the expression levels of reference genes and fold changes
were related to the control groups using the following equation: ratio = Earget P tareet (mean control
~SAMPIE) | o ference *CP reference (mean control —sample) \yhere Cp is the is the crossing point of the reaction
amplification curve and E the efficiency from the given slopes using serial dilutions, as
determined by the software (CFX Manager, Bio-Rad). Stability of reference genes was
calculated using a statistical tool (BestKeeper software, Technical University of Munich,

Weihenstephan, Germany).

2.3.6 Alkaline phosphatase activity and calcium quantification

After 21 days, cells were washed with PBS and lysated with 0.1% Triton X-100. Alkaline
phosphatase (ALP) activity was quantified by measuring the cleavage of p-nitrophenyl
phosphate (pNPP, Sigma-Aldrich) in a soluble yellow end-product that absorbs at 405 nm.
Twenty-five microliters of sample were incubated with 100 pl pNPP. In parallel to the samples,
a standard curve with calf intestinal ALP (Promega, Madison, WI, USA) was constructed. For
calcium quantification, 200 ul of sample were incubated with 1 M HCI overnight, followed by
centrifugation at 500xg for 2 min for the subsequent determination of calcium content in the
supernatant with an atomic absorption spectrometer (AAnalyst 400, PerkinElmer, Waltham,

MA, USA). Data were compared with CaCl, standards included in the assay.

2.4 Bacteria assays
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2.4.1 Bacteria culture

Bioluminescent Staphylococcus epidermidis Xen43 and Staphylococcus aureus Xen29 were
cultured in tryptone soya broth (TSB; CM0129, Oxoid, Basingstoke, UK) at 37°C in aerobic
atmosphere. When optical density (ODsoo) reached 0.4-0.5, the bacteria were diluted 1:100 in
TSB and incubated overnight. For all bacterial experiments, sample discs were inoculated with
the overnight bacteria suspension diluted 1:100 in TSB (ODeoo = 0.04-0.05, corresponding to
approximately 1 x 107 CFUs/ml). Each experiment was repeated four times with three sample

discs per group (n = 12) unless otherwise stated.

2.4.2  Biofilm formation

Sample discs were placed in 96-well opaque microplates (OptiPlate-96, PerkinElmer) and
inoculated with 150 ul of bacteria suspension. The well plates were sealed with transparent
adhesive seals (TopSeal™ A-Plus, PerkinElmer) and incubated at 37°C in a multi-detection
plate reader (Synergy HT, BioTek, Winooski, VT, USA). This setup will hereafter be referred
to as the “biofilm setup”. Luminescence was measured from the top following 10 s shaking of
the plate every 15 min for 12 h, after which the optical density of the planktonic bacteria
collected from the wells was measured. One sample disc per group was removed from the well
and gently rinsed with PBS to remove non-adherent bacteria from the sample surface. Each
disc was then placed in a sterile Eppendorf tube containing 500 pl PBS and bath sonicated at
37 kHz with power output of 290 W at 37°C for 3 min to detach the adherent biofilm from the
sample surface. After sonication, three 15 ul droplets of detached bacteria serially diluted in
PBS were cultured on tryptone soya agar (TSA) plates. The number of colony-forming units

(CFUs) was counted after 24 h incubation at 37°C.
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2.4.3 Effect of released phenolic compounds

To investigate the effect of phenolic compounds released from the coated surfaces on bacterial
viability and growth, biofilm formation on the sample surface was minimised by reducing
sedimentation and adhesion of planktonic bacteria onto the surface of the sample discs. For this
purpose, threaded stainless steel pins were fitted through customised 96-well microplate lid
segments and sample discs with threaded holes were fixed onto pins with the mirror-polished
surface facing down (Figure S1, supporting information). This setup will hereafter be referred
to as the “release setup”. Opaque optical-bottom 96-well microplates (Nunc™, Thermo
Scientific) were inoculated with 100 pl of bacteria suspension and the sample discs were
mounted into the wells to expose the polished surface to the bacteria suspension. The well
plates were sealed with parafilm and incubated at 37°C in a multi-detection plate reader
(Synergy HT, BioTek). Luminescence was measured following 10 s shaking of the plate every
15 min for up to 12 h. Lid segments containing the sample discs were removed after 2, 6, and
12 hour incubation and the sample discs were immediately rinsed with PBS to remove non-
adherent bacteria from the sample surface. Optical density of the planktonic bacteria collected
from the wells following the removal of the sample discs was measured and the bacteria were
cultured on TSA plates after being serially diluted in PBS to obtain appropriate CFU density.
The number of CFUs was counted after 24 h incubation at 37°C. Furthermore, the rinsed coins
removed from the lid segments after 2 and 6 h incubation were placed in opaque 96-well
microplates with the mirror-polished side facing up and reincubated in 150 ul of fresh TSB to
assess the viability of the adherent bacteria. The well plates were sealed with transparent
adhesive seals and incubated at 37°C in a multi-detection plate reader (Cytation 3, BioTek).
Luminescence was measured following 10 s shaking of the plate every 15 min for 12 h.

In addition, both planktonic bacterial growth and biofilm formation in the presence of dissolved

and oxidised tannic acid and pyrogallol molecules were assessed as detailed in the supporting
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information to compare the effect of the released molecules to known concentration of the

precursor molecules.

2.4.4 Imaging with confocal and scanning electron microscopy

Sample discs (n = 4) were placed in 48-well cell culture plate and inoculated with 700 pl of the
overnight bacteria suspension diluted 1:100 in TSB (ODsoo = 0.04-0.05) and incubated at 37°C
for 2, 6, or 12 h.

For confocal laser scanning microscopy, bacteria on the sample surfaces were stained for
bacterial viability (LIVE/DEAD® BacLight™, Molecular Probes, Eugene, USA) according to
the manufacturer’s protocol. The samples were imaged at three non-overlapping areas
immediately after staining using a Leica SP8 upright CLSM with 40x objective using 488 nm
and 552 nm excitation wavelengths for SYTO9 (live) and propidium iodine (dead) stains,
respectively.

For SEM imaging, bacteria on the sample surfaces were fixed with 2.5% glutaraldehyde in
0.1 M Sgrensen phosphate buffer. The samples were then rinsed with PBS, dehydrated with a
graded ethanol series (50%, 75%, 90%, 100%), sputtered with gold/palladium and examined
by SEM (TM-3030, Hitachi, Tokyo, Japan). Additional colour overlaying on SEM micrographs

was performed with Adobe Photoshop CS6 to highlight the adhered bacteria on the Ti surfaces.

2.5 Statistical analyses

The Shapiro-Wilk test was performed to test for parametric or non-parametric distribution.
Differences between groups were assessed by unpaired t-test or Mann-Whitney rank sum test,
depending on data distribution. Results were considered statistically significant at p < 0.05. All
statistical analyses were performed using SigmaPlot 13 (Systat Software Inc., Chicago, IL,
USA). Error bars have been omitted from the datapoints presented for measured luminescence

values to improve legibility of the graphs.

10
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3 Results

3.1 Stability of the phenolic coatings

Coating stability was examined by rinsing TA and PG coatings with PBS at raised temperature
of 37°C for 12 h while monitoring the frequency shifts of the titanium coated quartz crystal
(Figure 1). PBS rinsing resulted in a positive frequency shift for TA2, TA24, and PG24 with
TA2 showing the largest frequency variation. Only PG2 showed slightly more negative
frequency values after rinsing. Quantitative analysis of the frequency shifts is presented in
Table 1. As expected, the dissipation was also affected by rinsing with PBS and a negative shift
was produced for all the coatings (Figure S2). Altogether, these measurements indicate that
exposing the deposited coating to constant flow of PBS at 37°C provokes release of phenolic

molecules from the surface of the coating, yielding a thinner coating layer after the 12 h rinsing.
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Figure 1. Representative frequency shifts of the third, fifth, and seventh harmonic for TA and
PG coating deposition. After coating times of 2 h (thin coating, left panel) and 24 h (thick
coating, right panel), the quartz crystals were first rinsed with coating buffer, followed by a
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12 h rinse with PBS at 37°C (white background). After this, the crystals were again rinsed with
coating buffer at 21°C. Figure S3 illustrates the influence of the temperature change and the

difference in buffer composition on the frequency signal in more detail.

Table 1. Frequency difference before and after the PBS rinse in the fifth harmonic (mean £+ SD,
n=4).

fraction (%) absolute (Hz)
TA2 476+1.8 286.0 + 65.5
TA24 394+34 364.4+64.4
PG2 -20.5+37.8 -19+14
PG24 37.7+£9.8 106.8 £50.4

3.2 Cell study

3.2.1 Cytotoxicity of modified surfaces and cell morphology

The cytotoxicity of both TA coated surfaces on hOBs was increased after 2 days of cell culture
compared to the unmodified titanium control surfaces (Figure 2). While PG24 did not exhibit
significantly different cytotoxicity compared to control, PG2 coatings showed lower
cytotoxicity compared to PG24 and control. Staining of cytoskeleton and nuclei revealed good
cell spreading and normal cell morphology of hOBs on all tested surfaces (Figure 2). The
metabolic activity of hOBs on the modified surfaces was measured after 2 days of cell culture
as an index of cell viability (Figure S4, supporting information). No significant difference in

metabolic activity compared to the control surfaces could be detected.

12
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Figure 2. Cell morphology of hOBs after 2 days of cell culture (blue: nuclei; green:

cytoskeleton; scale bar 100 um) and cytotoxicity of the polyphenol coated surfaces
(mean £ SEM, n =6, *p < 0.05 vs Ti, #p < 0.05 24 h vs 2 h coatings).
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Figure 3. Gene expression of collagen (COL1A1), interleukin-6 (IL6), alkaline phosphatase (ALP),
and osteocalcin (OC) after 7 and 14 days of hOB culture. ALP activity normalised by total protein and
calcium content of the hOBs after 21 days of culture (mean £ SEM, n =6, *p < 0.05 vs Ti, #p <0.05
24 h vs 2 h coatings).

3.2.2 Gene expression analysis
The expression of genes related to osteoblast growth, matrix maturation, and mineralisation

was assessed after 7 and 14 days of hOB culture on the polyphenol coated surfaces (Figure 3).

14
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COL1A1 mRNA levels were significantly increased on PG24 coatings after both time points
when compared to control surfaces and PG2 coatings, and decreased on both TA coated
surfaces compared to control after 7 days. The mRNA levels of both IL6 and ALP were
decreased on TA coated surfaces and on PG24 coatings compared to control for both time
points. OC mMRNA expression was decreased for TA coated surfaces after 7 days, and for PG24
coatings after 7 and 14 days of cell culture compared to the control surfaces. ALP activity
measured after 21 days was decreased for both TA coated surfaces and PG24 coatings. The
calcium content after 21 days was significantly increased for PG2 coatings compared to control

and PG24.

3.3 Bacterial assay

3.3.1 Biofilm formation

After 12 h, the optical density of the bacteria collected from the wells was significantly reduced
for TA24 and PG24 when compared to the control group and to the 2 h coatings in both S.
epidermidis and S. aureus cultures (Figure 4). Similarly, the number of colony-forming units
from the detached biofilm after 12 h incubation revealed no significant differences among the
groups for either staphylococcal species. For S. epidermidis Xen43, no clear difference was
observed in the measured luminescence between the sample groups apart from the PG24
coatings, which exhibited lower luminescence values compared to the other groups during the
entire 12 h incubation time (Figure S5). However, the luminescence curves for S. aureus Xen29
showed a marked decrease in the peak luminescence values for all coated samples with
increasing coating thickness resulting in reduced luminescence. Furthermore, lower

luminescence values were observed for PG than for TA with similar coating times (Figure S6).

15
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Figure 4. (A & B) Optical density of the planktonic bacteria collected from the wells in the biofilm
setup after 12 h. (C & D) Number of colony-forming units (CFUSs) in the biofilm formed on the discs
after 12 h (mean of means + SD, n =4 x 3, *p < 0.05 vs Ti, #p < 0.05 24 h vs 2 h coatings).

SEM imaging of the disc surfaces after 2 h of bacteria incubation showed comparable bacterial
colonisation on all surfaces inoculated with S. epidermidis (Figure 5). However, live/dead
staining at this time point revealed that while mostly live bacteria were present on the control
surface and on TA2, the major part of bacteria on the other surfaces were stained dead.
Considerably more viable bacteria were observed for PG2 compared to PG24, which showed
only few viable bacteria. After 6 and 12 h of incubation, distinct biofilm formation was
observed on all surfaces (Figure5, Figure S7) with predominantly viable bacteria as
determined by live/dead staining. Similar findings were also observed for the S. aureus biofilm
formation, although the amount of bacteria adhering to the sample surfaces was considerably
lower in comparison to S. epidermidis, particularly for the TA24 and PG24 samples incubated

for only 2 h (Figure S8).
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Figure 5. SEM images of the different sample surfaces after 2 and 6 h of S. epidermidis incubation in
the biofilm setup (scale bar 15 pm) and corresponding live/dead staining (green: living bacteria; red:
dead bacteria; scale bar 60 um).

3.3.2 Effect of release of phenolic compounds

Optical density measurements and detected colony-forming units from the planktonic bacteria
collected from the wells after 2, 6, and 12 h are depicted in Figure 6. While there was no
statistical difference in the OD of the different groups compared to the control group after 2 h,

OD was lowest for TA24 and significantly less CFUs were counted for this group. After 6 h of

17
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incubation, both TA groups and PG24 revealed less OD, and there was a clear reduction in
CFUs for TA24 and PG24. After 12 h, all groups exhibited decreased OD compared to the
control group, and fewest CFUs were counted for TA24 and PG24. Similar to the biofilm setup,
lower luminescence values were measured for PG24 over the entire incubation time, while no
difference was observed in the behaviour of the rest of the tested groups in comparison to

bacteria cultures on Ti surfaces (Figure S9).
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Figure 6. Optical density (OD) and number of colony-forming units (CFUSs) of the planktonic bacteria
collected from the wells in the release setup after 2, 6, and 12 h (mean of means + SD, n=4 x 3,
*p <0.05vs Ti, #p < 0.05 24 h vs 2 h coatings).

Growth of viable bacteria that had adhered onto the sample surfaces during the initial 2 and 6 h
incubation period is shown in Figure 7. Despite the slight delay in start of the exponential
increase in luminescence observed for both PG groups after 2 h initial incubation, no
statistically significant difference was found in the time needed to reach the half maximum

luminescence value (tmax2) during reincubation in fresh TSB for any of the tested samples.
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Figure 7. Luminescence measured during reincubation of sample discs removed from the release setup
after (A) 2 h incubation and (B) 6 h incubation (mean, n=12). The discs were rinsed with PBS to
remove non-adherent bacteria from the sample surfaces prior to reincubation in fresh TSB. @ 2 h
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Supporting information further details the results from the exposure of the bacteria to known
concentration of the dissolved and oxidised polyphenolic compounds (Figures S10-S14). In
short, a clear concentration dependent reduction in CFUs was seen after 6 h in all tested
staphylococcal strains (Figure S10), with the oxidised molecules being more efficient in
inhibiting the growth of planktonic bacteria than the precursor molecules (Figure S11).
However, reduction in biofilm formation was only observed for concentrations that were found
to inhibit growth of the bacteria (Figure S12). Interestingly, the presence of the phenolic
compounds appeared to rather stimulate than inhibit both S. epidermidis and S. aureus biofilm

formation.
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4 Discussion

Auto-oxidative surface polymerisation of phenolic compounds represents a simple and
versatile functionalisation method for a broad range of different materials, including
titanium.?#%> The aim of the present study was to investigate the potential application of such
surface coatings made from tannic acid and pyrogallol to create multifunctional surfaces for
endosseous titanium implants, which can promote the bone tissue response and reduce the risk
of implant-associated infections. Therefore, the in vitro performance of TA and PG coated
titanium discs was assessed using cultures of both primary human osteoblasts and biofilm-
forming S. epidermidis. In a previous study, we demonstrated that the structure and thickness
of TA and PG coatings is dependent on the duration of the coating process.?® For this reason,
the biological effect was tested for coatings deposited for two different coating times, 2 h and
24 h, resulting in coatings thicknesses of approximately 10-30 nm and 60-80 nm,

respectively.?®

4.1 Effect of modified surfaces on human osteoblasts

Since osteoblasts are the cells involved in bone formation by synthesising and depositing the
bone extracellular matrix,® this study employed primary human osteoblasts in order to
investigate the effect of TA and PG coatings on bone tissue. Despite the significant differences
observed in cytotoxicity, the variation between the test groups was low and none of the samples
showed high LDH activity, which could be considered a sign of cytotoxic effect of the coatings
or released phenolic molecules on hOBs. Biocompatibility of the coatings was confirmed by
means of cell imaging, revealing a healthy spindle-shaped morphology of the cells on all
modified surfaces. Moreover, the metabolic activity of the cells was not influenced in presence
of the coatings, and was similar to that on the titanium control surface. This is in accordance
with the findings by Sileika et al., who demonstrated that similar surface coatings made from

TA and PG were non-toxic to fibroblastic cells.?®
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Osteoblast maturation is characterised by a sequential upregulation of genes related to
proliferation, extracellular matrix maturation, and mineralisation.3* After an initial increased
deposition of collagen, ALP is highly expressed during the matrix maturation phase, followed
by increased expression of OC during the mineralisation phase.3! On the basis of these three
osteoblast markers, the results obtained in the present study indicate that PG24 coatings
delayed the maturation of hOBs. The significantly increased expression of COL1A1, while
both ALP and OC expression remained significantly lower compared to the control surfaces
for both analysed time points, are a sign that the cells on PG24 coatings were still in the
proliferation phase where mainly collagen deposition takes place. Similarly, but to a less extent,
the decreased ALP expression and activity point to a delayed maturation of the cells on TA
coatings.

In contrast, PG2 coatings seemed to have a positive effect on the maturation of hOBs. Although
the gene expression profiles were not significantly different compared to the control surfaces,
hOBs exhibited highest OC expression on these surfaces at both time points. The gene
expression of the mineralisation marker OC has been reported to be one of the main predictive
markers of osseointegration in vivo.>?> Together with the significantly increased calcium
content in the extracellular matrix of the hOBs, which is the hallmark of bone tissue, this
indicates that the maturation of osteoblasts was promoted in the presence of PG2 surfaces.
However, the use of only one donor of osteoblasts represents a limitation of the present study,
and further experiments should be conducted to confirm these results.

Apart from PG2, all of the polyphenol modified surfaces induced downregulation of IL6 gene
expression. The multifunctional cytokine IL-6 is produced by a variety of cells and plays a role
in the regulation of the immune response and inflammatory reactions.3 It is also involved in
bone repair by regulating the differentiation of both osteoblasts and osteoclasts, and by

promoting angiogenesis.>*3°> Absence of IL-6 has been shown to delay mineralisation and
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remodelling of the fracture callus in the early stages of bone fracture healing.* *¢ On the other
hand, increased IL-6 levels have been related to pathological inflammatory conditions
associated with chronic diseases.®’ For example, tissue degeneration during periodontal disease
has been connected to elevated levels of IL-6 and its promotion of bone resorption.®3 Similar
situations are also found in other clinical scenarios linked to local inflammation and bone
destruction, for instance in rheumatoid arthritis and osteoporosis.®” 44> The observed
downregulation of the IL6 gene could therefore be an indication of the anti-inflammatory
potential of the polyphenol coated surfaces. In fact, decreased IL6 gene expression has recently
been observed for human gingival fibroblasts cultured on titanium surfaces with covalently
bound polyphenols, an effect that has been attributed to the anti-inflammatory properties of
such polyphenol modified surfaces.*® Considering the involvement of inflammatory signals in
bone regeneration and their influence on tissue destruction in pathological situations,
functionalised implant surfaces that can contribute to the regulation of inflammation could be
a promising way to influence the interaction between the host tissue and the implant,
particularly in the medically compromised patient.*® Future investigations on the effect of the
coatings on inflammatory processes should be performed using an in vitro inflammation model.
The results obtained in this study indicate a correlation between the biological performance of
the surfaces and the structural properties and integrity of the phenolic coatings. As
demonstrated in our previous study, the coating buildup for the PG system was very slow in
the beginning, resulting in a coating thickness of less than 10 nm after 2 h of coating time,
while the coatings were much thicker after a coating time of 24 h, with a thickness of
approximately 75 nm.?8 In comparison to that, TA coatings revealed a rapid initial increase in
thickness with a compact and rigid coating structure up to 2 h of coating time, after which the
coating became softer and the thickness levelled at approximately 50-60 nm.?® Hypothesising

that these differences in coating structure and thickness, and therefore also in the amount of
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phenolic compounds on the surfaces, might have an influence on the potential release of
phenolic compounds from the surfaces, we tested the release by means of a quartz crystal
microbalance. Increase in frequency and concurrent reduction in dissipation after the rinsing
step was correlated to a decrease in mass on the crystal surface, and was therefore used as an
indicator of release of phenolic compounds from the surface (Figures 1 and S2). However,
since TA and PG coatings have been shown to exhibit viscoelastic properties, especially for
long coating times,?® the frequency changes were only used as a qualitative measure of mass
release from the surface, as frequency changes for viscoelastic layers can also involve structural
changes and release of coupled water from the surface.*” Furthermore, constant flow of protein-
free PBS does not fully represent the liquid environment of the static cell culture experiments,
and the release of the phenolic compounds from the coated surfaces is expected to occur slower
in both the static cell culture environment in vitro as well as in the more complex physiological
environment in vivo. While both TA coated surfaces and PG24 showed an increase in frequency
after he PBS rinse, the frequency changed only very little for PG2 coatings (Figure 1).
Therefore, both TA2 and TA24 coatings exhibited mass release from the surface, and this may
explain the observed similar effects of these groups on osteoblasts. In contrast, for all analysed
genes, the expression was significantly different between PG2 and PG24. The same
phenomenon was observed for ALP activity and the calcium content after 21 days of cell
culture. This different biological effect of the PG coatings may arise from the different release
behaviour of PG2 and PG24, with PG24 releasing phenolic compounds from the surface, which
was not observed for PG2 surfaces.

Despite the frequently reported antioxidant activity of polyphenols, some phenolic compounds,
including pyrogallol, have also been reported to act as pro-oxidants and to produce significant
amounts of hydrogen peroxide (H202) under quasi-physiological conditions.”® H.0: is

involved in signal transduction pathways, it has an effect on the activity of enzymes and
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transcription factors, and can influence gene expression and cause DNA damage.*® Therefore,
the observed delay in osteoblast maturation might be the result of an oxidative stress reaction
of the cells related to H2O, production, in particular for PG24 coatings.>®>* While this theory
would conflict with the previously reported antioxidant properties of TA coatings, PG coatings

have been found to be less effective in their antioxidant properties.?

4.2 Effect of modified surfaces on staphylococcal biofilm formation

In addition to their anti-inflammatory and osteopromotive potential, polyphenols are well-
known for their inherent antimicrobial nature,>?-> and thus, polyphenols have recently attracted
increasing interest as surface functionalisation strategies for biofilm-resistant medical implant
materials.?> 5¢-5° Tannic acid in particular has been reported to inhibit biofilm formation of
several different bacterial species, while not affecting the planktonic growth of these
bacteria.®®®> Payne et al., for example, found that tannic acid was able to prevent S. aureus
biofilm formation via inducing high expression of immunodominant staphylococcal antigen A
(IsaA), likely resulting in cleavage of the polysaccharide backbone of the peptidoglycan layer
in the cell wall, and thus, preventing surface colonisation.®® Although S. epidermidis has also
been shown to secrete the lytic transglycosylase IsaA,®® no inhibitory effect on either S.
epidermidis or S. aureus biofilm formation was observed when the bacteria were cultured on
the TA- and PG-coated titanium surfaces in the present study.

However, unlike the previous studies in which the effect of tannic acid was evaluated by adding
the molecules in suspension to the bacterial culture, the phenolic compounds in our study were
deposited on the surfaces of the analysed substrates. During the auto-oxidative surface
deposition, the phenolic molecules react with each other and form a thin polymer layer on the
Ti discs.?8 Since the exact composition of these phenolic layers is not clear, the structure of the
released compounds might be different from the pure precursor molecules, and therefore, also

exhibit different interaction mechanisms with the bacterial cells. Nevertheless, both TA and
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PG failed to elicit inhibitory effect on both S. epidermidis and S. aureus biofilm formation also
when exposed to subinhibitory concentrations ([TA/PG] < 100 pg/ml) of either non-oxidised
or oxidised precursor molecules in solution phase as detailed in the supporting information
(Figures S10-S11). Instead, biofilm formation appeared to be somewhat stimulated even for
concentrations that reduced planktonic growth (Figure S12), particularly for the oxidised
precursor molecules and the polymerised particles mimicking the properties of the phenolic
coatings (Figure S13). Moran et al. have previously reported similar stimulatory effect on S.
epidermidis biofilm formation when the bacteria were exposed to several phenolic acids at
subinhibitory concentrations, while the same concentration of the tested phenolic acids had
almost no effect on S. aureus biofilm formation.®” Similar inefficiency of polyphenolic
compounds to prevent S. epidermidis biofilm formation has further been observed in the
presence of pentagalloyl glucose (PGG),*? a polyphenolic component often found in
commercial tannic acid that has been shown to significantly inhibit S. aureus biofilm formation
at concentrations below 20 pM (corresponding to 34 pg/ml TA).5%  Such resistance to the
biofilm-inhibiting effect of TA has also been reported for several S. aureus strains. Payne et
al., for example, found that some of their S. aureus isolates formed a robust biofilm in the
presence of TA and related this to their failure to produce IsaA and the overproduction of
polysaccharide intracellular adhesin (P1A).5% % The observed lack of the antibiofilm activity of
TA and PG for both S. aureus and S. epidermidis may therefore stem from difference in the
biofilm-forming capacity of different staphylococcal strains, as also suggested by Dong et al.,
who observed large variations in the TA-induced biofilm inhibition among several methicillin-
resistant S. aureus isolates.®® However, the dose-dependent reduction in bioluminescence
observed for S. aureus Xen29 in the biofilm setup (Figure S6) indicates that the two different

staphylococcal species seem to respond differently when cultured on the polyphenolic coated
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surfaces, with S. aureus Xen29 being more susceptible to the antibacterial effect of TA and PG
as similar reduction in luminescence was not observed for S. epidermidis Xen43 (Figure S5).
While the polyphenolic coatings were not found to inhibit the surface colonisation and biofilm
formation of either S. epidermidis or S. aureus, release of phenolic compounds particularly
from the thicker polyphenolic coatings (TA24 and PG24) resulted in significant reduction in
growth of planktonic bacteria in both tested setups (Figures 4 and 6). This is consistent with
the study by Taguri et al., who reported that TA exhibited moderate antibacterial activity
against Gram-positive bacteria, whereas PG had strong antibacterial activity against all tested
bacteria strains.> Several theories exist for the mechanisms behind the antibacterial activity of
polyphenols. As already mentioned earlier with respect to the effect of the phenolic coatings
on osteoblast cells, polyphenols and PG in particular can produce a significant amount of
hydrogen peroxide.*® This H.O, formation has been correlated to the antibacterial activity of
phenolic compounds.” Moreover, Scalbert reported that the antimicrobial activity of tannins
might be related to three mechanisms: the complexation of enzymes or substrates, interaction
with the membranes of microorganisms, or complexation and deprivation of metal ions.>?
Interestingly, studies have also shown that flavonoids can cause aggregation of whole bacterial
cells, "2 resulting in possible misinterpretation of reduced numbers of CFUs as the whole
bacterial aggregate is counted as one CFU.%® Such aggregation and subsequent recruitment of
viable and metabolically active bacterial cells to a biofilm could provide an alternative
explanation for the observed dose-dependent reduction in both OD and number of CFUs in the
sample wells, particularly in the absence of a clear change in the luminescence values between
the groups for S. epidermidis (Figures S5).

Surprisingly, a significant number of the bacteria colonising the surfaces of TA24 coatings and
both PG coatings were stained dead when performing live/dead staining after 2 h (Figures 6

and S8). While this finding is in good agreement with previously reported contact-killing
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properties of TA and PG coatings?® and permanent damage to the peptidoglycan layer of S.
aureus cell wall upon exposure to polyphenolic compound epigallocatechin gallate,”® the
absence of significant delay in the measured luminescence observed in Figure 7A indicated no
difference in the viability of the adherent bacteria after 2 h direct exposure to the TA and PG
coatings. As the luminescence has previously been shown to linearly correlate with growth of
viable bacteria until the maximum luminescence is reached in a similar experimental setup,’
a more pronounced delay in luminescence would be expected had the direct contact with the
polyphenol coatings resulted in excessive cell death as indicated by the live/dead staining. This
implies that the live/dead staining alone may vyield a false impression on the viability of the
early colonising bacteria observed on especially the thicker TA24 and PG24 coatings,
particularly in light of the large number of viable bacteria that were observed on the sample
surfaces following live/dead staining at later time points. Since the dye in the live/dead assay
stains dead bacteria due to a compromised membrane, the observed staining could be related
to the interaction of the phenolic compounds with the peptidoglycan layer of the bacterial cell
wall,%® 73 altering the permeability of the cell wall without affecting the viability of the
bacteria.” In this regard, further investigations on the mechanisms behind the interactions of

the coatings and the bacterial cells are needed to understand this phenomenon.

5 Conclusions

In summary, auto-oxidative tannic acid and pyrogallol coatings on titanium surfaces were
shown to be non-toxic to primary human osteoblasts. The release of phenolic compounds from
surfaces coated with TA for 2 and 24 h and with PG for 24 h induced a delay in osteoblast
maturation. The same coatings exhibited anti-inflammatory potential by decreasing the gene
expression of IL6. No release was detected from surfaces coated with PG for 2 h, and these

surfaces promoted osteoblast maturation and increased calcium deposition. The coated surface
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could not prevent bacterial colonisation and biofilm formation on the surfaces. However, the
release of phenolic compounds from surfaces coated for 24 h had a strong effect on planktonic

bacteria. The mechanism behind this effect remains unclear.
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Supporting information is available free of charge at doi: 10.1021/acsbiomaterials.9b00566.
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