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A B S T R A C T   

Oral biofilms can be a major health problem causing infections and chronic inflammation of mucosal tissue. 
While much effort is put in the investigation of bacteria in biofilms, the role of fungi is often neglected, despite 
Candida albicans playing a key role in the formation of multispecies oral biofilms. With the rise of antibiotic 
resistance, new strategies to reduce microbial growth need to be found. Therefore, plant derived polyphenolic 
molecules have been suggested to reduce both adhesion and growth of pathogenic bacteria and fungi. In this 
study, we investigated the use of polyphenolic coatings to reduce adhesion and biofilm formation of C. albicans 
BWP17 on titanium implants. Tannic acid and pyrogallol coatings altered the hydrophobic and charge properties 
of titanium surfaces, and both compounds were gradually released as active molecules over time. Despite such 
effects, we found no significant inhibition on growth and biofilm formation of C. Albicans, indicating that the 
release of active molecules from the coatings did not reach relevant inhibitory concentrations. However, a po-
tential antibiofilm effect was observed by the pH-dependent disassembly of the polyphenolic layer, which caused 
the biofilm to detach. Hence, further efforts are required to create tailored implant surfaces, which sustainably 
reduce microbial growth and adhesion.   

1. Introduction 

The oral microbiome harbors a variety of different bacteria and 
fungi, keeping a fine balance between commensal and pathogenic mi-
croorganisms [1,2]. This balance is critical for oral health, especially 
during wound healing around dental implants. Patients with a history of 
periodontitis often develop peri-implant mucositis followed by 
peri-implantitis [3,4]. These infectious diseases are caused by oral 
pathogens invading the interface between gingival soft tissue and the 
implant [5,6]. 

Oral biofilms are characterized by a rich community of diverse mi-
crobes. While most studies on oral microbiomes focus on bacteria, other 
microbes such as fungi are also present and may play important roles in 
multispecies biofilms [7–9]. In oral model systems, C. albicans has been 
shown to act as bridge for the adhesion of various bacteria such as 
F. nucleatum, S. mutans, S. gordonii, and P. gingivalis [8,10]. Also in 

clinical studies, this synergism between pathogenic bacteria and 
C. albicans has been associated with periodontal diseases [11–13]. To 
prevent and treat oral infections, antibiotics are routinely used adjunc-
tive to mechanical removal of microorganism accumulated in plaque 
[14,15]. However, with the global rise of microbial resistance [16], 
more and more periodontal disease related bacteria and fungi have 
become insusceptible to common antimicrobial agents [17–19]. 

Today, patients who lose teeth due to oral infections typically receive 
dental implants to restore masticatory function and aesthetics [20]. 
However, these patients are also considered to be at high risk of reoc-
curring infections. Thus, strategies have to be developed to prevent 
microbial colonization of implant surfaces. One strategy is to directly 
modify the implant surface to reduce adhesion or growth of microbes 
around the implant. 

Plant polyphenols are an emerging class of antimicrobial molecules 
with the ability to form coatings on many materials, including titanium 
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[21]. These molecules possess ortho-di- or tri-hydroxyphenyl groups, 
which interact with proteins and enzymes, and chelate metal ions [22]. 
Based on these interactions with biomolecules, polyphenols have shown 
to possess broad spectrum antibacterial and antifungal properties by cell 
wall and cell membrane interactions, inhibition of enzymes and 
complexation of ions vital for regular cell metabolism [23,24]. Recent 
studies have demonstrated that these inhibitory effects also reduce the 
growth and biofilm formation of bacteria and fungi related to oral in-
fections [25–28]. Particularly the virulence of C. albicans is affected by 
phenolic compounds via suppression of quorum sensing and hyphae 
formation of the fungal cells [27,29]. Thereby, the associated bacterial 
adhesion to cell wall proteins found on C. albicans hyphae could be 
reduced [30]. 

Since polyphenolic molecules are able to form coatings on almost 
any substrate [21], modified implant surfaces may enable local control 
of microbial colonization. Such approaches were investigated for pyro-
gallol and curcumin modified surfaces and showed a reduction of 
C. albicans adhesion [31,32]. However, in vivo, the implant surface will 
be covered by a salivary protein layer. Thereby, the antimicrobial 
properties of polyphenolic coatings may be masked, which reduces their 
efficacy [33]. 

Therefore, we investigated the adsorption of salivary proteins and 
the subsequent adhesion and biofilm formation of C. albicans on tita-
nium surfaces coated with the polyphenols tannic acid (TA) and pyro-
gallol (PG). TA and PG possess ortho-di- and tri-hydroxyphenyl groups 
and are able to form coatings beyond mere monolayers [34,35]. We 
hypothesized that microbial growth may be modulated through a 
change in surface chemistry and the release of molecules from the sur-
face. The latter was addressed to investigate whether TA and PG nano-
coatings allow the release of a growth inhibitory concentration of 
polyphenolic molecules to provide substantial antimicrobial properties. 
Subsequently, the fungal adhesion was investigated to evaluate whether 
TA and PG modified surfaces can modulate the colonization of 
C. albicans and how the salivary pellicle affects the adhesion of yeast 
cells on modified surfaces. 

2. Materials and methods 

2.1. Chemicals 

Tannic acid (TA, LOT#MKBN9606V), pyrogallol (PG), HEPES (Bio-
Performance, ≥99.5%), and sodium metasilicate pentahydrate (Siaq, 
≥95%) were purchased from Sigma Aldrich. Beetleglow reagent was 
prepared by mixing 36 parts luciferin solution (2 mM luciferin, 25 mM 
glycilglycine) with 64 parts luciferase buffer (25 mM glycilglycine, 15 
mM K2HPO4, 15 mM MgSO4, 4 mM EGTA, 2 mM ATP, 1% dodecyl- 
β-maltoside) [36]. 

2.2. Coating formation 

Polished titanium (Ti) coins (∅6 mm) were coated with tannic acid 
(TA) and pyrogallol (PG) for 24 h under sterile condition by placing 3 
coins in 15 ml vials with 10 ml of polyphenolic solution and gently 
agitating the vials at 30 rpm. 1 mg/ml TA was dissolved in in 100 mM 
HEPES containing 600 mM NaCl, 80 μM Siaq at pH = 6.8 or pH = 7.8. 1 
mg/ml PG was dissolved in 100 mM HEPES containing 100 mM MgCl2 at 
pH = 7.0. The obtained coated surfaces are referred to as TA 68, TA 78, 
and PG 70. 

2.3. Surface characterization 

Topography. The roughness of the used surfaces was assessed before 
and after the coating process at different length scales by using profil-
ometry and atomic force microscopy (AFM). For profilometry (S neox, 
SensoFar), a 20 × objective (field of view: 845 ×707 µm) was used to 
scan 5 samples in interferometric mode. The raw data was processed by 

a 5 mm cut-off filter and separating the waviness from the roughness. 
For AFM analysis (MFP 3D, Asylum Research), 5 samples were scanned 
using an AC240TS cantilever in contact mode at a scan angle of 90◦, a 
scan rate of 0.75 Hz, and a scan-area of 20 µm × 20 µm. 

Wettability. Surface energy (γS) was calculated from linear regression 
of a series of contact angles (θ) using deionized water, diiodomethane, 
formamide, and glycerol according to the OWRK-model stated in the 
supplementary information [37]. Contact angles were determined by 
drop shape analysis (OCA-20, Dataphysics). For each surface, averages 
of 10 sessile drops were analyzed using the Young-Laplace fit. Silicon 
wafers were used as substrates for coatings to minimize fluctuation in 
the surface topography affecting the contact angle. 

Surface charge. The surface zeta potential (ζ) of Ti surfaces, Si wafers, 
and coated Si wafers was determined in 5 mM saline water at a con-
ductivity of 0.5 mS/cm using a Nano ZS Zetasizer (Malvern Panalytical) 
and negatively charged COOH terminated polystyrene tracer particles 
(100 nm, 250 μg/ml, Micromod Partikeltechnologie GmbH). The 
applied voltage was set to 10 V. The pH was adjusted with HCl and 
NaOH. 

Oxidation state. The surface chemistry of the coatings was assessed by 
their ability to reduce AgNO3 to elemental Ag. Coated glass slides were 
placed into 100 mM AgNO3 (≥99.9%, Sigma Aldrich) for 24 h and 
inspected by SEM/EDS (Hitachi TM3030) for Ag deposition. Addition-
ally, the coatings were analyzed using Fourier-transform infrared (FTIR) 
spectroscopy. After subtraction of the background and baseline correc-
tion, the fingerprint region from 2000 cm− 1 to 1400 cm− 1 was analyzed. 

Saliva collection. Stimulated saliva was collected from 6 healthy 
non-smoking donors for 20 min while chewing on Parafilm. Donors had 
no food intake 2 h prior to the collection and were only allowed to drink 
water. Saliva was collected in sterile ice-chilled tubes and then centri-
fuged at 7500 g at 4 ◦C for 10 min. The supernatant was pooled, ali-
quoted, and stored at − 80 ◦C. According to the Norwegian Research 
Ethics Committee, no ethical approval for the use of this anonymized 
biological material is required. 

Low molecular weight components were separated by dialysis 
(MWCO 14 kDa) against water containing 1 mM EDTA at 4 ◦C and 
subsequently freeze-dried. The yield was determined by UV-adsorption 
measurement (NanoDrop One, ThermoFisher Scientific) at λ = 280 nm 
where one absorbance unit equals to a protein concentration of 1 mg/ 
ml. 

Protein adsorption. Stimulated saliva was diluted to 25% (v/v) 
with PBS, mucin and lysozyme were dissolved in PBS at 200 μg/ml, and 
LMW salivary proteins were diluted in PBS to 500 μg/ml. The adsorption 
was studied using a quartz crystal microbalance with dissipation 
monitoring (QCM-D; QSense E4, Biolin Scientific). After equilibration of 
the Ti sensors (QSX310, f0 = 4.95 MHz) in PBS, the protein solution was 
flown for 5 min at 100 μl/min. The flow-speed was then reduced to 10 
μl/min. After the adsorption of the proteins, the layer was rinsed with 
PBS at 100 μl/min. Experiments were performed at least three times 
recording the fundamental frequency and the 3rd, 5th, 7th, 9th, and 11th 

harmonic (fn). For clarity only changes in frequency (ΔF) and dissipation 
(ΔD) for fn = 3, 5, and 7 are shown. Viscoelastic properties and adsorbed 
mass were modeled using DFind (v. 1.2.7) using the SmartFit function 
with the frequency dependent viscosity (η) and elastic modulus (μ) 
enabled depending on the quality of the fit. The loss tangent (G’’/G′) 
was calculated from the fitted parameters according to following 
equation. 

G = G′

+ iG′ ′ = μ+ i2πηf0  

2.4. C. albicans culture 

BWP17 wild-type and a luciferase expressing ACT1RH strain of 
C. albicans were pre-cultured on YPD agar plates (50 g/l YPD, 25 g/l 
agar) over night at 30 ◦C [36]. A culture stock solution was prepared 
before the experiment by inoculating selected colonies in YPD broth 
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medium (10 g/l yeast extract, 20 g/l peptone, 1% glucose) and incu-
bating the suspension over night at 37 ◦C in 5% CO2 atmosphere. 

Biofilm formation. 
Candida stock solutions were diluted to OD600 = 0.3 and coated Ti 

coins (n = 3) were incubated with 1 ml cell suspension at 37 ◦C 
(Fig. S1). After 6 h, 24 h and 48 h, the surfaces were carefully washed 
with PBS to remove unbound fungal cells and then transferred to 1 ml 
PBS. The biofilm was dispersed by tip sonication (Vibra-Cell, Sonics & 
Materials Inc.) at 5 W output power for 20 s. Three 100 μl aliquots per 
sample were taken from the dispersed biofilm solution and from the 
initial incubating solution to assess the number of bacteria in biofilms 
and planktonic bacteria, respectively. The biofilm samples were lysed 
immediately in liquid nitrogen, while the planktonic samples were first 
washed with PBS by centrifugation for 6 min at 5000 g at 4 ◦C. After 
lysis, 100 μl Beetleglow reagent was added per 100 μl sample and the 
maximal luminescence was analyzed using a luminescence plate reader 
(Synergy HT, BioTek) for 15 min at intervals of 5 min with shaking 
before each readout. In total 3 individual samples were analyzed with 3 
technical replicates each and 3 luminescence reads. 

To support luminescence readings, colony-forming units (CFUs) 
were counted after incubating two 20 μl drops per sample on YPD agar 
plates for 48 h at 37 ◦C. The remaining biofilm cell suspension was used 
to quantify total biomass by weight. Therefore, 400 μl aliquots were 
diluted with 1.2 ml EtOH and dried at 60 ◦C under reduced pressure for 
1 h. 

Biofilms were visually analyzed by scanning electron microscopy 
(Hitachi SEM TM3030). Samples were fixed in PBS containing 2% 
glutaraldehyde, dried in a series of 50%, 70%, 90%, 95%, and 100% 
EtOH for 10 min each, and subsequently sputter coated with gold. 

2.5. Fungal adhesion 

C. albicans HWP17 stock solutions were washed twice with PBS 
(6 min, 5000 g, 4 ◦C) and resuspended in PBS at OD600 = 0.04. Subse-
quently, the cells were stained with 1 μl/ml of 3.34 mM SYTO 9 dye 
(BacLight, ThermoFisher Scientific) for 30 min in the dark at room 
temperature. 

Adhesion of C. albicans was investigated using 0.4 mm channel slides 
(IBIDI, Cat.No:80178) mounted on coated glass substrates. A flowrate of 
100 μl/min was chosen to induce laminar flow with a shear stress of 
0.1 dyn/cm2. Cells were allowed to adhere for 30 min. Before quantifi-
cation, the chamber was rinsed with PBS. For the study of fungal 
adhesion on salivary pellicles, saliva was allowed to adsorb for 30 min 
prior to flowing the fungal cell suspension. Five images per sample were 
acquired using a fluorescence microscope (480/535 nm, Nikon Eclipse 
90i) equipped with a 10 × objective. All experiments were repeated on 
four individual surfaces (n = 4). 

Polyphenolic layers were dissolved by flushing the channel slides 
with acidic (pH ≈ 4) or alkaline (pH > 9) PBS after the adsorption ex-
periments were conducted. 

2.6. Statistical analysis 

Statistical significances (p < 0.05) were tested using ANOVA 
(multcomp library) in R (Rstudio 2022.02.1) after verification of sample 

homogeneity and normality. 

3. Results 

3.1. Surface characterization 

The topographic characterization using profilometry showed a 
roughness of SQ

prof = 12 nm for polished Ti coins. The roughness of the Si 
substrate was 6 nm and TA, and PG coatings were only slightly rougher 
than the Si substrate (Table 1). Assessment by AFM revealed an 
increased roughness (SQ

AFM) of the coatings compared to Ti surfaces. The 
increased roughness was caused by the incorporation of precipitated TA 
and PG particles in the surface during the coating process (Fig. S2). 

Both TA and PG coatings were of hydrophilic nature, with water 
contact angles (WCA) below 32◦ (Table 1). This is further reflected in a 
high surface energy, which approached values of the UV-ozone treated 
Si wafers. In comparison to Ti, TA and PG coatings have a significantly 
higher polar component and are more negatively charged (Table 1, 
Fig. S3). 

Two different TA coatings were prepared with the hypothesis that 
under reduced pH, the coating remains in a non-oxidized state. FTIR 
analysis of the surface confirmed this assumption and showed a spec-
trum for TA 68 coatings similar to pristine TA (Fig. S4). In contrast, TA 
78 and PG 70 coatings showed oxidation of the coating. This difference 
in surface chemistry was further manifested in the reduction of AgNO3. 
TA 68 showed a higher reduction of AgNO3 compared to TA 78 and 
caused the formation of elemental Ag particles within minutes after 
immersion in AgNO3 solution (Fig. S4). Although PG 70 showed 
oxidation in FTIR, it effectively reduced Ag+ cations and showed a 
continuous Ag coating on the surface during 24 h immersion in AgNO3. 

3.2. Salivary pellicle formation 

Both TA 78 and TA 68 coated surfaces facilitated the adsorption of 
salivary proteins. QCM-D experiments show a higher mass of the 
adsorbed protein layer on the TA coatings compared to Ti surfaces 
(Fig. 1a). PG 70 coatings resulted in almost equal amount of adsorbed 
salivary proteins compared to Ti, despite their different surface chem-
istry (Table 1). 

In addition to changes in the equilibrium mass, the kinetics of saliva 
adsorption was obtained. The adsorption of salivary proteins on poly-
phenolic coatings is defined by a rapid initial adsorption, followed by 
minor changes in frequency and dissipation over time (Fig. S5). In 
contrast, on Ti surfaces a gradual formation of the pellicle was observed 
(Fig. S5). This change in pellicle structure was also visible in the visco- 
elastic parameters of the salivary protein film (Fig. 1b and c). On both Ti 
and PG coatings, a lower viscosity but higher elastic modulus was ob-
tained compared to TA coatings. To correlate the change in viscosity and 
elastic modulus, the loss tangent can be calculated. This parameter vi-
sualizes a more obvious change in visco-elastic properties as shown in 
Fig. 1d. Both TA 68 and TA 78 coatings result in a more liquid like saliva 
pellicle with G’’/G′ values below 1, while the protein film on Ti and PG 
70 showed values greater than 1. Further, the change in protein film 
structure on TA coatings was corroborated by the splitting of the har-
monics recorded by QCM-D during the adsorption (Fig. S5). Despite the 

Table 1 
Physico-chemical properties of polyphenolic coatings.   

SQ
prof  

(nm) 

SQ
AFM  

(nm) 

γS
P  

(mN/m) 

γS
D  

(mN/m) 

γS  

(mN/m) 

WCA  

(◦) 

ζ 
(mV) 

Ti  12.0 ± 2.6  5.3 ± 1.8  13.2  30.2  43.4 64  -28.4 ± 4.5 
Si  6.2 ± 0.7  1.0 ± 0.1  41.2  24.1  65.3 24  -44.0 ± 1.8 
TA 68  7.6 ± 1.2  30.8 ± 1.8  34.5  28.2  62.7 32  -59.0 ± 1.7 
TA 78  7.9 ± 1.3  32.7 ± 7.2  40.4  24.4  64.8 20  -56.5 ± 5.6 
PG 70  10.3 ± 2.7  21.2 ± 2.5  42.5  24.9  67.4 14  -65.3 ± 4.0  
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different pellicle structure, all surfaces showed a similar amount of 
proteins desorbing from the layer upon rinsing with PBS (Fig. 1a). 

3.3. Adsorption of salivary components  

Ti surfaces effectively resisted mucin adsorption as shown by the low 
change in frequency and dissipation in Fig. 2a. The presence of poly-
phenolic coatings increased the adsorption of mucin with TA 78 coatings 
showing the largest gain in mass (Fig. S6). The protein layer further 
showed a highly dissipative structure on TA 78 coatings compared to TA 
68 and PG 70 coatings (Fig. 2a). This higher amount of apparently 
loosely bound proteins on TA 78 desorbed in the subsequent rinsing step 
with PBS (Fig. S6 and S7). 

In contrast to mucin, the adsorption of lysozyme on Ti showed a 
larger change in frequency and dissipation, but both proteins show 
linear adsorption kinetics (Fig. 2). Lysozyme showed only little 
desorption from Ti upon rinsing with PBS (Fig. S6). On TA and PG 
coatings, high initial binding was followed by linear adsorption kinetics 
(Fig. 2b). TA 78 surfaces bound the highest amount of lysozyme with 
prolonged desorption upon rinsing with PBS compared to TA 68 and PG 
70 (Fig. S8). On both TA coatings, splitting overtones were observed 
indicating a heterogeneous layer structure (Fig. S8). 

3.4. Competitive adsorption of proteins 

The initial salivary pellicle formation was mimicked by the adsorp-
tion of dialyzed low molecular weight (LMW) components. After the 
adsorption of the LMW proteins on Ti, the subsequent adsorption of 
mucin reached similar change in frequency and dissipation compared to 

the bare Ti surface (Fig. 3). More importantly, the mucin adsorption on 
polyphenolic coatings was reduced after the adsorption of LMW pro-
teins. The adsorbed mass showed equal levels for Ti surfaces and all 
three polyphenolic coatings. 

3.5. Fungal biofilm formation 

The presence of a polyphenol coating did not appear to reduce the 
growth rate of C. albicans in our experimental model. While the lumi-
nescence readings of cells in biofilms at different time points shown in  
Fig. 4a were close to background levels, the higher number of planktonic 
cells in the supernatant allowed a more reliable quantification but 
showed no reduction of fungal growth in the presence of polyphenolic 
surfaces (Fig. 4b). However, the optical density (OD600) increased for 
both biofilm and planktonic samples indicating the growth of fungi 
during the experiment (Fig. 4c, d). The simultaneous quantification of 
CFUs and total biomass corroborated the luminescence and optical 
density data indicating no inhibition of planktonic growth and biofilm 
formation. (Fig. S9). SEM imaging of the biofilm showed that ACT1 and 
BWP17 formed a dense coverage of the Ti surface with Candida cells 
after 6 h (Fig. S10). However, less cells were found for subsequent time 
points. In comparison to Ti, TA 68 and TA 78 coatings showed a reduced 
cell count on the surface during the early phase of the biofilm formation. 
Thereafter, the adherent cell number slightly increased after 24 h and 
48 h. PG 70 had the lowest count of adherent cells throughout the 
analyzed time points. In general, mostly yeast cells were observed with 
only few forming hyphae, which was in accordance with the culture 
condition [36]. 

Analysis of C. albicans ACT1RH inhibition in presence of free TA and 

Fig. 1. Properties of salivary pellicles formed on Ti, TA 68, TA 78, and PG 70 surfaces as determined by QCM-D. (a) Mass, (b) viscosity, and (c) elastic modulus of the 
adsorbed protein layer after 1 h (absorption) and after a subsequent rinsing step with PBS for 30 min (rinsing). (d) Ratio of storage modulus (G’’) and loss modulus 
(G′). The figure shows mean and standard deviation for 4 individual replicates per surface (ne = 4). Statistically significant differences are marked with asterisks (*), 
while (#) denotes the only non-significant difference among the test groups. 
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PG showed that both molecules had a dose-dependent antifungal ac-
tivity (Fig. S11). Complete inhibition of planktonic Candida growth was 
not observed at concentrations ≤ 4.05 mg/ml at a seeding density of 
OD600 = 0.3 used in the experimental setup. The antifungal activity 
became more significant at 100 and 1000-fold dilution of the inoculate. 
The half maximal inhibitory concentrations (IC50) for 1000-fold dilu-
tion of the inoculate were found to be 57 µg/ml TA and 165 µg/ml PG. 

3.6. Fungal adhesion 

C. albicans adhesion was lower on polyphenolic coatings that were 
not pre-conditioned with saliva compared to the glass substrate (Figs. 5 
and S12). During a period of 30 min cells attached on all surfaces under 
a flow with a shear stress of 0.1 dyn/cm2. While flushing with PBS did 
not remove any cells, dissolving the polyphenolic layer caused detach-
ment of the cells (supplementary video material). 

Supplementary material related to this article can be found online at 
doi:10.1016/j.colsurfb.2022.112813. 

After forming a salivary pellicle on the surfaces, the glass substrate 
showed a reduction in cell adhesion compared to the bare glass slide. 
Similarly, the salivary protein film formed on TA and PG coatings 

reduced the Candida adhesion compared to the coated surfaces. How-
ever, the number of cells on the saliva pellicle formed on polyphenolic 
surfaces was higher compared to the adhesion on the saliva conditioned 
glass surface with no polyphenolic coating. 

4. Discussion 

Polyphenolic molecules are an emerging class of antimicrobial 
molecules [24], which show antifungal properties and inhibit the 
growth of C. albicans [27,28,32,38]. With the possibility to form coat-
ings on a multitude of surfaces, their use for antimicrobial and anti-
biofouling surface modifications caught scientific interest [39–41]. Due 
to the release of polyphenolic molecules from coated surfaces [34], we 
hypothesized that thicker coatings release enough active molecules to 
prevent the growth of C. albicans. However, we did not observe inhibi-
tion of C. albicans growth (Fig. 4). This was in part due to the small 
number of cells bound to the samples, which did not allow a reliable 
luminescent reading. However, the increase in optical density and CFUs 
indicated normal growth of C. albicans in the presence of polyphenols 
(Fig. 4 and S9). This indicated that the concentration of polyphenols 
released from the coatings was too low to inhibit growth and biofilm 
formation of C. albicans in our experimental setup. For most poly-
phenolic molecules, a MIC above 100 μg/ml is reported [27,32,38]. Our 
results on antifungal activity of free TA and PG against C. albicans 
ACT1RH (Fig. S11) agreed with these reports. For our coatings, which 
have a thickness between 100 nm and 200 nm [34,35], and a surface 
area of 104 mm2 of the test specimen, the theoretical maximum con-
centration of polyphenolic molecules released into the growth medium 
is below 40 μg/ml. Hence the general MIC was not reached and the local 
concentration near the surface was not effective to inhibit the growth of 
C. albicans. 

However, we observed that biofilms easily disrupted on TA and PG 
coatings. Candida cells appeared to not adhere well to the coated sur-
faces, as observed in the SEM analysis (Fig. S10). Indeed, such anti-
adhesive properties of polyphenolic coatings have been observed for PG 
and curcumin [31]. Hence, this mechanism would open a second route 
to prevent fungal colonization of implant surfaces without selective 
pressure of antibiotics. 

To tailor the adhesion of fungal cells, an understanding of the surface 

Fig. 2. (a) Mucin and (b) lysozyme adsorption under continuous flow moni-
tored by QCM-D. Both proteins were reconstituted at 200 μg/ml in PBS at pH 
= 7.0. Figures show the average change in ΔD/ΔF (fn = 5) of four individual 
adsorption curves (ne = 4) recorded for 1 h. For clarity, the error bars 
were omitted. 

Fig. 3. Adsorption of mucin onto LMW salivary proteins (LMW-SP) compared 
to bare surfaces. Bars show the change in frequency and dissipation for the 5th 

harmonic monitored by QCM-D. The LMW protein layer was allowed to form 
for 2 h on the surfaces before ΔF and ΔD were offset, and mucin was adsorbed 
for 1 h. Results are given as mean ± SD of four individual replicates (ne = 4). 
(#) denotes the only non-significant difference among the groups. 
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chemistry and topography is important. Properties such as wettability, 
hydrophobicity, charge, and roughness are known factors influencing 
microbial adhesion [42]. C. albicans attachment is typically favored on 
hydrophobic surfaces, whereas negatively charged surfaces are less 
prone to adhesion due to electrostatic repulsion between the material 

surface and the negatively charged cell wall [43]. Similar to carboxylic 
acid modified surfaces, which reduce the adhesion of C. albicans [44], 
our coatings present hydrophilic and negatively charged properties 
(Table 1). However, our results showed no reduction of the adhesion of 
Candida cells (Fig. 5). This is in agreement with a study on TA-based 
metal phenolic networks, which presented no decrease in microbial 
adhesion [45]. Our previous studies also support the observation that TA 
and PG coatings are not able to prevent bacterial adhesion [46]. This 
could be due to a chemical change of the coating in the culture media, or 
the specific chemistry of these molecules in contrast to other hydrophilic 
and negatively charged surfaces. 

In addition to microbial cell adhesion on bare polyphenolic coatings, 
we studied whether salivary protein layers influence the subsequent 
adhesion of C. albicans. Since trans-mucosal dental implants face the 
immediate challenge of protein adsorption from the oral cavity, the 
surface characteristics the microorganisms experience are dominated by 
the properties of the formed conditioning film. It has been shown that 
whole saliva, particularly mucin, facilitates the adhesion of C. albicans 
[47]. In combination with a strong interaction of polyphenolic mole-
cules with proteins [48], these coatings may even facilitate fungal 
adhesion after the formation of a salivary pellicle. Indeed, both 
TA-coated surfaces showed the formation of a thicker and more 
liquid-like salivary pellicle (Fig. 1). The observed difference in protein 
adsorption can be explained by the change in surface chemistry driving 
the changes in the structural composition of salivary pellicles [49]. 
Particularly surface charge and polarity affect the adsorption and 
viscoelastic properties of the protein film on different surfaces [49,50]. 
Negatively charged hydrophilic surfaces, such as Ti, are commonly less 
prone to protein adsorption compared to hydrophobic surfaces [51]. 
However, the adsorption of all studied proteins on the hydrophilic 

Fig. 4. C. albicans ACT1 growth in a biofilm model using Ti and polyphenol coated Ti surfaces. Cells in the resuspended biofilm and in the planktonic fractions were 
quantified using luminescence (a, b). Additionally, optical density was determined at λ = 600 nm (c, d). Values are given as mean ± SD of three individual samples 
with each three technical replicates (ne = 9). Statistically significant differences are marked with asterisks (*). 

Fig. 5. Adhesion of C. albicans on polyphenolic coatings pre-conditioned or not 
with salivary pellicles. Cells were allowed to attach under constant flow for 
30 min. Experiments were performed on four individual surfaces (ne = 4). 
Values are represented as mean ± SD. Statistically significant differences are 
marked with asterisks (*). 
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polyphenolic surfaces was larger than for Ti surfaces (Figs. 1 and 2). This 
observation agrees with previous studies showing high binding affinity 
and immobilization of proteins on polyphenolic surfaces [52,53]. 
Increased protein adsorption can be caused by altered surface topog-
raphy, but we consider the slight increase in the nanometer range 
negligible in relation to the obtained QCM-D signal. 

Further investigation of the adsorption of salivary components 
revealed a high affinity of TA to mucins. This specific binding affinity of 
proteins is important when studying complex proteinaceous solutions 
such as saliva. In these systems, the adsorption of individual components 
is governed by the Vroman effect [54]. This effect describes the initial 
adsorption of LMW proteins followed by their replacement by larger 
proteins with higher affinity. In the oral cavity, mucins are ubiquitous 
high molecular weight proteins and represent the main component 
C. albicans experiences upon invading mucosal tissues [55]. Due to the 
glycosylation of mucin presenting hydrophobic moieties at the C- and 
N-terminus, the protein adopts a flat conformation on Ti surfaces [56, 
57]. In comparison, the high affinity of the cysteine rich domains to 
polyphenolic surfaces can explain the strong interaction with our coat-
ings [58]. An altered conformation of mucin on TA and PG coatings may 
then expose different domains of the protein, similarly to gold and hy-
drophobic surfaces [59,60]. Since C. albicans preferably binds to a 
188 kDa C-terminal glycopeptide in intestinal mucins [61], the 
adsorption of mucin can play a critical role for Candida adhesion. 
However, the initial adsorption of low molecular weight proteins to the 
surface dictates the later mucin adsorption. During sequential protein 
adsorption, it has been found that the adsorption of the second protein is 
lower compared to the adsorption of the same protein on a clean surface 
[62]. In accordance with this observation, LMW proteins reduced the 
adsorption of mucin on the TA and PG modified surfaces (Fig. 3). In vivo, 
the adsorption of components still occurs parallel and TA surfaces may 
foster the adsorption of mucins. 

In addition to mucin adsorption, we studied the adsorption of lyso-
zyme on polyphenolic surfaces. Lysozyme is able to cleave the pepti-
doglycan structure of microbial cell walls [63], and could potentially 
reduce microbial colonization. In comparison to mucin layers, lysozyme 
displayed a continuous adsorption profile (Fig. 2), due to the electro-
static interactions of the negatively charged surface and the positively 
charged lysozyme (pI = 11) [64–66]. It is vital that after adsorption the 
enzymatic activity of lysozyme is maintained. However, dissolved TA 
and adsorption to hydrophobic surfaces can inactivate the enzyme [67, 
68]. We expect that hydrophilic polyphenolic surfaces may not inflict 
with the functional properties, as a study using hydrophilic stainless 
steel surface suggests [69]. This hypothesis is supported by a study of the 
antimicrobial activity of TA and lysozyme multilayers against S. aureus, 
showing retained activity of the enzyme [70]. 

Since our studies with salivary proteins indicated a change in 
structure and conformation of the pellicle on TA and PG coatings, we 
investigated whether this affects the adhesion of C. albicans. While we 
found a similar number of adherent cells on glass and polyphenolic 
layers, the saliva film formed on TA and PG facilitated the adhesion in 
contrast to the glass substrate (Fig. 5). This confirmed the impact of our 
coatings on the structure of saliva films. It is, however, unclear why the 
protein layer on glass showed fewer adherent cells. Additionally, we saw 
that adherent cells on the glass surface and on the coating could not be 
detached by rinsing with PBS. However, the polyphenolic layer can be 
dissolved in either acidic or alkaline environment [71]. Thereby, it is 
possible to release attached cells from the modified surfaces (supple-
mentary video material) and the coatings could be used as a pH sensitive 
sacrificial layer. 

Finally, we would like to highlight the conflict of the required high 
concentration of polyphenols for an antimicrobial effect with the impact 
on human cells. Our investigation showed IC50 concentrations of 57 µg/ 
ml and 165 µg/ml for TA and PG for C. albicans inoculated at OD 
= 3 × 10− 4 (Fig. S11). For these concentrations, we have previously 
seen detrimental effects on cell viability and cell morphology of human 

gingival fibroblasts [71]. 

5. Conclusion 

Polyphenolic surface modifications were not able to prevent 
C. albicans colonization through reduction of growth. The release of 
active molecules from the coatings was below the MIC for C. albicans and 
an increase of the concentration may negatively affect human cell 
adhesion towards modified implant surfaces. 

Further, adhesion of yeast cells onto modified surfaces was not 
inhibited under flow, despite the hydrophilic surface properties of TA 
and PG coatings. However, a potential antibiofilm effect was observed 
by the pH-dependent disassembly of the polyphenolic layer, which 
caused biofilms to detach from the surface. 

TA and PG coatings have a high affinity for protein adsorption, which 
influenced the competitive binding of proteins from saliva. This resulted 
in the formation of a protein film that allowed C. albicans adhesion in 
contrast to a salivary pellicle formed on glass. 

In conclusion, simple polyphenolic surface modifications may not 
have a long-term antimicrobial effect and further efforts are required to 
create polyphenolic coatings that balance tissue integration with pre-
vention of microbial colonization of implant surfaces. 
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