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Abstract: Coating the surfaces of implantable materials with various active principles to ensure
inhibition of microbial adhesion, is a solution to reduce infections associated with dental implant.
The aim of the study was to optimize the polydopamine films coating on the Ti-6Al-6V alloy sur-
face in order to obtain a maximum of antimicrobial/antibiofilm efficacy and reduced cytotoxicity.
Surface characterization was performed by evaluating the morphology (SEM, AFM) and structures
(Solid-state 13C NMR and EPR). Antimicrobial activity was assessed by logarithmic reduction of
CFU/mL, and the antibiofilm activity by reducing the adhesion of Escherichia coli, Staphylococcus
aureus, and Candida albicans strains. The release of NO was observed especially for C. albicans strain,
which confirms the results obtained for microbial adhesion. Among the PDA coatings, for 0.45:0.88
(KMnO4:dopamine) molar ratio the optimal compromise was obtained in terms of antimicrobial
activity and cytotoxicity, while the 0.1:1.5 ratio (KMnO4:dopamine) led to higher NO release and
implicitly the reduction of the adhesion capacities only for C. albicans, being slightly cytotoxic but
with moderate release of LDH. The proposed materials can be used to reduce the adhesion of yeast
to the implantable material and thus inhibit the formation of microbial biofilms.

Keywords: polydopamine; antibiofilm activity; cytotoxicity; Ti-6Al-4V alloy

1. Introduction

Microbial biofilms formation on oral surfaces most frequently involves the develop-
ment of caries, gingivitis, periodontitis, and in the case of dental implants, mucositis and
peri-implantitis [1]. If peri-implantitis is not correctly treated, it can lead to a detrimen-
tal effect on osteointegration. The treatment is difficult, and it is an important problem
in modern clinical practice. In this context, many scientific studies have focused on the
development of new implantable materials to inhibit bacterial adhesion and thus reduce
implant infection [2].

The surface modification of implantable device [3–6] are complex and do not have
a general applicability to various materials. An easy method for changing the surface of
solids by dip coating in dopamine solution was proposed by Lee et al. [7]. Dopamine
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and its catechol derivatives can oxidatively polymerize in the presence of oxygen or other
oxidizing agents under alkaline conditions [8].

The formation of the PDA coatings occurs by oxidative polymerization of dopamine [9],
but the effective mechanisms of PDA formation as well as a detailed structural elucidation
remain fields of active research [10–12]. Despite incomplete knowledge related to funda-
mental aspects, the number and variety of the proposed PDA-based practical applications
increases [13]. Among them, the use of polydopamine as the major component within new
and more effective antimicrobial (antibacterial and/or antifungal) coatings have attracted
a lot of interest [14], fully motivated by the strong adhesion of PDA to virtually any type of
substrate, and by its demonstrated biocompatibility.

Polydopamine obtained under air oxidation at pH = 8.5 prohibitively long time
required to produce uniform PDA films of 20–40 nm thickness [15] which are unrecom-
mended for industrial applications. By using oxidizing agents like Cu2SO4, NaIO4, KMnO4
have been demonstrated to significantly reduce the deposition time down, and have the
advantage that dopamine oxidation can be achieved over a larger pH range. This is impor-
tant for extending the functionalization strategies that can be followed to produce efficient
antimicrobial surfaces.

The progress in the PDA synthesis methodology has facilitated the proposal of nu-
merous antimicrobial coatings built upon various types of PDA platforms, according to
Kumar et al. [14]. Most of the antipathogenic applications use PDA as an intermediate
layer, exploiting the strong adhesion to the substrate and the enhanced capacity of the
free surface to bind various antimicrobial agents, from antibiotics [16] and antimicrobial
peptides [17] to Ag nanoparticles [18]. Another approach is to exploit the antipathogenic
properties of the oxidizing agent used in the PDA synthesis, or consider PDA-analogues
formed by polymerization of dopamine derivatives [19,20].

Other oxidizing agents used for PDA synthesis, and capable to produce species with
biological activity, were not investigated so far. In this context, we studied the PDA coating
obtained under KMnO4 oxidation with respect to possible antipathogenic effects. On
the other hand, KMnO4 was reported [21] to determine the fastest PDA deposition rate
over a wide pH range, which makes it very attractive from practical perspective. For
this purpose, Ti-Al6-V4 alloy was used as a substrate with relevance in implantology and
covered with KMnO4 oxidized PDA thin films. PDA coated substrates were prepared under
various deposition conditions and then tested with respect to their potential antipathogenic
effect against fungi (Candida albicans), Gram-positive (Staphylococcus aureus), and Gram-
negative (Escherichia coli) bacteria. These strains were used to evaluate the full spectrum of
antimicrobial activity in accordance with ISO16142-2:2017 for medical devices.

An important aspect of the microbial biofilm’s formation consists in the physico-
chemical characteristics of the implantable material surface. Thus, previous studies re-
vealed that PDA functionalized films showed bactericidal and antibiofilm properties
through hydrophilic behavior and smooth surface that prevents bacterial adhesion and
long-term survival, probably due to the negative charge surface by the presence of the
carboxyl group (electrostatic repulsion between the surface and the microbial strain), the
pro-oxidant character of PDA leading to intracellular damage by endogenous ROS/RNI
production or inhibiting the interaction between the cell adhesions and the PDA function-
alized surface [14,22–24].

Therefore, the aim of the study consists in investigating the effect of molar ration
between dopamine and an oxidizing agent on the surface morphology modification of
Ti-6Al-4V alloy, antimicrobial and anti-biofilm activities and cytotoxicity for composite
optimization and increased compatibility between dental implant and tissue.

2. Materials and Methods
2.1. Synthesis of the PDA Samples Used in Structural Investigations

Polydopamine samples for the ss-NMR and EPR studies were prepared based on
the standard procedures reported for air oxidation in basic conditions [7], pH 8.5, 10 mM
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dopamine concentration, and 10 mM Tris buffer. The so prepared dopamine hydrochloride
solution was stirred over night at room temperature under air. The resulting black pre-
cipitate was separated by centrifugation (MPW Med. instruments, Warszawa, Poland) at
4000× g rpm, washed with water to remove the excess of Tris and unreacted dopamine
and centrifuged again. The procedure was repeated five times, after which the solid was
dried in the oven overnight. The same protocol was followed when using KMnO4 as
oxidizing agent, except that the buffer was selected sodium acetate when working at acidic
conditions, pH 5.5, and various KMnO4 to dopamine relative molar ratios were considered,
depending on the particular aspect under investigation.

2.2. Deposition of PDA to Ti-6Al-4V

A series of PDA depositions onto the acid-etched Ti-6Al-4V discs (RG Tech, Xi’an
RG Industry & Technology Co. Ltd., Xi’an, China) were made, considering different
molar ratios between dopamine and the oxidizing agent, KMnO4. The Ti-6Al-4V discs,
1 cm in diameter and 1 mm thick, were treated with 80% H2SO4 at 60 ◦C under magnetic
stirring to obtain a rough surface. After 30 min of acidic treatment, they were washed
with water and ethanol and left to dry for 30 min in an oven at 37 ◦C. Coating with
polydopamine was performed in Tris buffer solution (10 mM, pH = 8.5) at 30 min reaction
time and 200 rpm. For the investigated P1-P4 samples, various relative concentrations of
dopamine vs. KMnO4 were used, as specified in Table 1. The worked up of PDA-coated
Ti-6Al-4V discs were performed by washing with water, sonication for 10 min to remove
PDA aggregates from the surface and washing with ethanol followed by 24 h drying at
37 ◦C. The model response surface method (RSM) was employed, using Design Expert 13.0
program (StateEase Inc., Minneapolis, MN, USA). The quadratic response surface was used
to locate the relationship between the response and every individual factor. The test of
significance and analysis of variance (ANOVA) were also determined to find the fit of the
model and the optimal relationship between dopamine and oxidizing agent to biological
efficiency (antimicrobial and cytotoxicity).

Table 1. Two-variable design with five responses for the logarithmic microbial reduction and cytotoxicity of polydopamine-
assisted surface modification of Ti-6Al-4V alloy (mean ± SD).

Nr. Cod
Factor 1

(Dopamine
Molar Echiv)

Factor 2
(KMnO4

Molar Echiv)

Reduction
of S. aureus
(lgCFU/mL)

Reduction
of E. coli

(lgCFU/mL)

Reduction of
C. albicans
(lgCFU/mL)

MTT
(%Viability)

LDH (%LDH
Release)

1 P1 0.5 0.1 0.38 ± 0.07 0.55 ± 0.10 0.38 ± 0.06 69.50 ± 4.35 24.99 ± 3.54
2 P2 0.5 0.5 0.58 ± 0.10 0.24 ± 0.05 0.84 ± 0.17 90.51 ± 0.31 23.04 ± 2.35
3 P3 1.5 0.1 0.33 ± 0.02 0.70 ± 0.06 0.78 ± 0.14 88.52 ± 10.46 35.31 ± 4.13
4 P4 1.5 0.5 0.38 ± 0.08 0.24 ± 0.05 0.84 ± 0.18 94.31 ± 3.65 13.614

Model (p-value) 0.0153 <0.0001 0.0018 0.0039 0.0042
F-value 6.52 31.18 13.29 10.38 10.16

R2 0.7099 0.9212 0.8329 0.7955 0.7921
Adjusted R2 0.6011 0.8917 0.7702 0.7189 0.7142

2.2.1. Characterization Techniques
Scanning Electron Microscope

The morphology of the PDA films deposited on Ti-6Al-4V was imaged on a Hitachi
SU8320 cold field emission scanning electron microscope (Hitachi High-Tech, Tokyo, Japan),
at an accelerating voltage of 30 kV, using secondary electron detector. All the samples were
attached on a stab with carbon double sticky tape. No sputter coating was used.

Atomic Force Microscopy (AFM)

AFM measurements were performed using an Asylum Cypher S microscope (Asylum
Research-Oxford Instruments, Santa Barbara, CA, USA) in air using the amplitude modu-
lated AC mode, with AC160TS-R3 probes (Olympus, Japan). Data acquisition and image
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processing was performed using the integrated Asylum Research software written within
Igor Pro software package. Several areas randomly selected of the sample were analyzed
at 512 × 512 pixels and a scan rate between 0.5 and 1 Hz. Thickness of the polymeric layer
was evaluated by scratching the film with a blunt stainless-steel needle.

Solid-State 13C NMR Spectrometry

Solid-state 13C NMR spectra (Bruker BioSpin, Rheinstetten, Germany) of representa-
tive PDA samples were recorded at 125.73 MHz Larmor frequency with a Bruker AVANCE
III 500 MHz (Bruker, Billerica, MA, USA) spectrometer operating at room temperature.
Standard RAMP 13C CP-MAS spectra were acquired at 14 kHz spinning frequency, with
2 ms contact time, and proton decoupling under TPPM, by averaging a number of transients
adequate for each sample, with a recycle delay of 1 s. The recorded 13C ss-NMR spectra
are calibrated with respect to the CH3 line in TMS (tetramethyl silane) through an indirect
procedure which uses α-Glycine (176.5 ppm for the 13COOH line) as an external reference.

Electron Paramagnetic Resonance Spectrometry (EPR)

EPR (Bruker, Billerica, MA, USA) measurements of powder samples were carried out
on a Bruker E-500 ELEXSYS X-band (9.78 GHz) spectrometer at room temperature. The
EPR spectra were recorded using equal quantities of samples.

2.2.2. Assessment of Antimicrobial Activity
Logarithmic Reduction

The antimicrobial activity of Ti-6Al-4V-PDA samples was determined by logarithmic
and percentage reduction of reference microorganisms. Three reference strains from the
American Type Culture Collection (ATCC, Manassas, VA, USA) were used for testing
(S. aureus ATCC 6538, E. coli ATCC 8739, and C. albicans ATCC 10231). The samples were
immersed in 0.9 mL of Brain Heart Infusion (BHI) for bacterial strains and Sabouraud broth
for C. albicans, seeded with 0.1 mL of 105 CFU/mL (obtained by diluting the suspension
0.5 McFarland −1.5 × 108 CFU/mL for bacterial strains and 1.4 × 106 for C. albicans–the
suspensions used were checked by plate counting method) and incubated at 37 ◦C for 24 h.
After the contact with the microbial inoculum for 30 min and 24 h, the discs were shaken
vigorously before successive ten-fold dilutions were made and spotted in agar media plates
(Muller–Hilton for bacterial strains and Sabouraud for yeast) in order to determine CFU
(colony forming unit)/mL after 24 h at 37 ◦C incubation. The method was performed
in triplicate

The logarithmic reduction was calculated using the formula:

Reduction (CFU/mL) = lgA − lgB

where A is CFU/mL of positive control (strain without material contact); B is CFU/mL of
samples (strain with materials).

In Vitro Quantification of Reactive Nitrogen Intermediates (RNI)

RNI was measured using a spectrophotometric assay of total nitrite content using
Griess reagent according to the methodology described by Quinteros et al. [25] with some
modifications. Samples were immersed in inoculated medium with microbial suspen-
sion adjusted to 105 CFU/mL and incubated for 24 h at 37 ◦C. The supernatant for each
sample were centrifuged at 10,000× g rpm for 10 min. Then, over 50 µL of the super-
natants/standard, 50 µL of 2% sulfanilamide (Sigma-Aldrich, St. Louis, MO, USA) in
5% (v/v) H3PO4 (Sigma-Aldrich) and 50 µL of 0.1% aqueous solution of N-(1-naphthyl)-
ethylenediamine dihydrochloride (Sigma-Aldrich) were added. Azo dye formation was
measured after 30 min at λ = 540 nm using FlexStation 3 (Molecular Devices Company,
Sunnyvale, CA, USA). The strains used were: S. aureus, E. coli and C. albicans. We used
culture media control for each strain. For the quantification of nitric oxide, a calibration
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curve was performed with NaNO2 in the range between 0–25 µM (R2 = 0.9991). The
strain control is Ti-6Al-4V alloy without PDA deposition. The experiment was performed
in triplicate.

Study of Antibiofilm Activity of Ti-6Al-4V-PDA Disks

The inert surfaces represented by Ti-6Al-4V-PDA disks was tested for their capacity
to inhibit bacterial adhesion. After 18–24 h of incubation at 36 ± 2 ◦C with 105 CFU/mL
S. aureus ATCC 6538, E. coli ATCC 8739, and C. albicans ATCC 10,231 cultures (Brain Heart
Infusion for bacterial strains and Sabouraud for yeast), the 24 wells plates containing
the Ti-6Al-4V-PDA disks were emptied, washed three times with sterile distillated water
and fixed with methanol for 5 min. The sample were viewed with a Hitachi SU8320
cold field emission scanning electron microscope (Hitachi High-Tech, Tokyo, Japan), at
an accelerating voltage of 30 kV, using secondary electron detector. The microbial cells
adhered to the Ti-6Al-4V-PDA surfaces were stained with 1% violet crystal solution (Sigma-
Aldrich) for 15 min. Subsequently, the colored biofilm was suspended in 33% acetic acid
(Sigma-Aldrich) solution. The microbial adherence was assessed spectrophotometrically,
by measuring the absorbance at λ = 490 using FlexStation 3 (Molecular Devices Company,
Sunnyvale, CA, USA). The results were express as percentage from total adherence of strain
control (Ti-6Al-4V alloy without coating). The experiment was performed in triplicate.

2.2.3. Determination of Cytotoxicity

The MC3T3-E1 osteoblastic cell line from Mouse C57BL/6 calvaria and human gingi-
val fibroblasts (ECACC–European Collection of Authenticated Cell Cultures, Manassas,
Virginia, USA) were selected as models for intracellular toxicity assessment of Ti-6Al-4V-
PDA disks.

Cells were cultivated in DMEM (Dulbecco’s Modified Eagle Medium, Sigma-Aldrich)
media supplemented with 10% FBS (Fetal Bovine Serum–Sigma-Aldrich) and 1% Pen/Strep
(penicillin/streptomycin solution, 50 µg/mL-Sigma-Aldrich) for 24 h at 37 ◦C, 95% humid-
ity with 5% CO2. After 24 h cells were washed with PBS (Phosphate Buffered Solution-
Sigma-Aldrich), harvested using trypsin (Sigma-Aldrich) and counted using Trypan Blue
(Sigma-Aldrich) and a hemocytometer. The seeding density for the MTT and LDH assays
was optimized at 5 × 104. The Ti-6Al-4V-PDA disks were placed into 24 wells plated, and
the harvested cells were dispersed on top, and incubated for 24 h at 37 ◦C, 95% humidity
with 5% CO2.

Using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay
we evaluated the cellular metabolic activity, cell viability and cytotoxicity of disks. The
basic principle of this method relies on the reduction of a yellow tetrazolium salt to purple
formazan crystals by metabolically active cells.

After 24 h of exposure to Ti-6Al-4V-PDA disks, cells were incubated for 4 h with MTT
reagent (Roche) at 37 ◦C, 95% humidity with 5% CO2. After incubation, cells were treated
with MTT solvent (Roche) for 15 min at room temperature. Absorbance was measured
using FlexStation 3 (Molecular Devices Company, Sunnyvale, CA, USA) at λ = 570 nm. The
experiment was performed in triplicate.

For LDH assessment cells were prepared and treated alike as for the MTT assay. We
chose LDH assay for the assessment of cell death by quantification of plasma membrane
damage. An increased enzyme activity in the supernatant directly correlates with the
amount of formazan formed, and accordingly to the number of lysed cells. With the LDH
Cytotoxicity Detection Kit (Roche), LDH activity was measured in culture supernatants
using FlexStation 3 (Molecular Devices Company, Sunnyvale, CA, USA) at λ = 492 nm with
a λ = 600 nm wavelength reference. The experiment was performed in triplicate

2.3. Statistical Analysis

Data were expressed as means ± SD determined by triplicate analysis. The statistical
analysis was done using GraphPad Prism 9. Data were analyzed using unpaired t test with
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Welch correction of multiple comparisons for antibiofilm activity and NO release. The level
of significance was set to p < 0.05.

3. Results
3.1. Structural and Morphological Characterization

Solid-state NMR and EPR investigations were performed with the purpose of com-
paring the major structural features of PDA formed under KMnO4 oxidation with those
found in the material obtained by conventional air oxidation [7]. Figure 1, compares the
13C ss-NMR spectra recorded on three different PDA samples: (a) oxidative polymerization
of dopamine hydrochloride (10 mM aqueous solution) under air at pH = 8.5, using the
Tris buffer; (b) polymerization of dopamine hydrochloride (10 mM aqueous solution) at
pH = 8.5 by using KMnO4 as oxidation agent at 0.4 molar ratio relative to dopamine, in
TrisCl buffer; (c) the same conditions as previously, except for the KMnO4/dopamine molar
ration, which was lowered to 0.05.
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The spectrum of the sample (a) shows all the major ss-NMR peaks characteristic to
PDA: the ethylamine aliphatic carbons at 34 and 42 ppm, aromatic catechol carbons at 121
and 129 ppm, the catechol –COH carbons at 143 ppm, carbonyl at 171 ppm, and also some
minor shoulders to these peaks, associated with the cyclized indole/indoline units, as
detailed in [12]. By contrast, the spectrum recorded on sample (b) barely shows a severely
broadened peak in the aliphatic spectral region, centered around 40 ppm, but no signals
at all could be detected in the aromatic and carbonyl regions, even though there were
ten times more transients accumulated on this sample (150 k) compared to sample (a),
15 k. We ascribe the observed dramatic drop in spectral sensitivity and resolution to the
magnetic field in homogeneities across the sample due to some paramagnetic products
of dopamine oxidation by KMnO4, most probably paramagnetic manganese oxides such
as MnO2 and/or Mn2O3. The assumption is supported by the spectrum obtained on the
sample (c): the much lower amount of KMnO4 used in this case for oxidation leads to a
reduced concentration of the generated manganese paramagnetic centers inside the final
material, which partially recovers a typical PDA 13C ss-NMR spectrum, though it still has
much lower intensity and poorer resolution than that recorded on the sample (a).

This, however, is only an indirect, qualitative, proof. More directly, the presence of
Mn paramagnetic species inside the PDA samples obtained by KMnO4 oxidation can be
concluded from the EPR spectra, see Figure 1B. The spectrum of sample (b) is dominated
by a broad (390 G) line at g = 2.01, which is different from the typical EPR line reported
on PDA, where the measured resonance is assigned to a superposition between C and O
(semiquinone) organic radicals, at g = 2.003, and with much smaller linewidth, of only
about 15 G [26]. By lowering eight times the KMnO4 concentration in the sample (c), a
more complex EPR spectrum is observed. This signal is generated by the superposition of
three signals: (i) the narrow line due to PDA, (ii) a hyperfine spitting with A = 89 G specific
to isolated Mn ions [27] and (iii) a broad line with lower intensity, most probably due to a
minor fraction of Mn ions in strong dipolar interaction, similar to sample (b).

The quality of the PDA films with KMnO4 as oxidation agent was investigated by
Atomic Force Microscopy (AFM) on samples prepared under two distinct conditions,
considered representative for the whole series of PDA coatings discussed in the present
work. The acid-etched Ti-6Al-4V substrates are inappropriate for such studies, especially
for film thickness measurements, so that glass cover slips substrates were used instead as
model systems. The results are synthetically illustrated in Figure 2. The most important
conclusions that can be drawn from the analysis are the following: (i) the fast dopamine
oxidation by KMnO4 gives rise to uniform PDA coating of the substrate within one hour
deposition time on a large pH range, from 5.5 to 8.5, i.e., the two cases investigated here;
(ii) the thickness of the film is lower at acidic conditions (~10 nm) than at basic pH,
(~20 nm); (iii) the number and sizes of the PDA aggregates formed in solution and trapped
on the flat surface of the PDA film are relatively small, obviously benefiting from the
short deposition time. Overall, one can conclude from the AFM study, that a uniform
coverage was obtained with a thin (10–20 nm) and flat PDA film, which is mechanically
stable attached to the substrate (no detachment was observed after 30 min ultrasonication),
and we assume the same properties are preserved also when deposition is done onto the
rough Ti-6Al-4V acid-etched surfaces.

Finally, the morphology of the PDA films deposited onto the acid-etched Ti-6Al-4V
substrates was investigated by Scanning Electron Microscopy (SEM). The formation of the
PDA film is evidenced in Figure 3 by the slight smoothening of the sharp edges carved
in the non-coated material by acid etching—compare the top and bottom panels in the
figure. The fact that these sharp features are not made even smoother by PDA coating is
most probably due to the relatively small thickness of the deposited film, only about 20 nm,
found from the AFM measurements for the considered oxidation conditions. Additionally,
the PDA coating of the substrate is further proved by the small PDA aggregates trapped
onto the surface, which can be most clearly seen in the bottom-right panel of Figure 4, and
also identified in the AFM images (Figure 2).
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(panels B). The PDA films were formed by dopamine oxidation with KMnO4, for one hour reaction time under constant
stirring at 200 rpm of the reaction vials, at pH = 5.5 (left panels) and pH = 8.5 (right panels). Scan area 10 × 10 µm2.

3.2. Experimental Design for Optimal Logarithmic Microbial Reduction with Low Cytotoxicity

An optimal film design was obtained using the Response Surface Methodology (RSM)
with the aim of identifying the interactions between the parameters such as molar equiva-
lents of dopamine (0.5–1.5) and oxidizing agent (0.1–0.5) to obtain a compromise between
maximum antimicrobial activity with minimal cytotoxicity.

The Design of Experiments (DOE) showed 12 experimental runs which are presented
in a randomized manner in Table 1.

ANOVA analysis was performed for each experimental unit, where the quadratic
model was found to be significant (p < 0.05). Table 1 shows ANOVA results and the
statistical description for the model obtained in each response. The relationships between
the dependent variables (microbial viability, eukaryotic cell viability and LDH release) and
the independent variables (molar ratio KMnO4: dopamine) are expressed by the following
regression equations:

The antimicrobial activity against S. aureus model is given below in Equation (1)

Log10(CFU/mL) = −0.3956 − 0.0642A + 0.0596B − 0.0322AB, (1)
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The antimicrobial activity against E. coli model is given below in Equation (2)

Log10(CFU/mL) = −0.4181 + 0.0272A + 0.2062B − 0.0272AB, (2)

The antimicrobial activity against C. albicans model is given below in Equation (3)

Log10(CFU/mL) = −0.1763 + 0.0776A + 0.0962B − 0.0797AB, (3)

The % cell viability model is given below in Equation (4)

MTT = 85.71 + 5.70A + 6.7B − 3.81AB, (4)

The release LDH is given below in Equation (5)

1/(LDH) = 0.0474 + 0.0052A + 0.0128 + 0.0112AB, (5)

where A—molar equivalent of dopamine and B—molar equivalent of KMnO4.
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All models obtained had a statistically significant value (p < 0.05). The coefficient of
determination (R2) indicates the correlation between experimental and predicted data. In
addition, adjusted R2 and R2 corroborate the significance of the models. According to the
coefficients of each effect analyzed, the concentration of KMnO4 has greater effect on the
all responses, but for % cell viability and % LDH release the effect was almost similar with
dopamine concentration.

Additionally, Figure 4a–e shows the response surfaces with greater significance for the
CFU/mL logarithmic reduction of S. aureus, E. coli, C. albicans, % cells viability and %LDH
release using the interactions between those two variables (dopamine–A and KMnO4–B).
Figure 4a,b show that when increasing the concentration of oxidizing agent, the antimi-
crobial activity increases for E. coli and S. aureus strain, hence, this image suggests that the
logarithmic reduction of CFU/mL was not influenced by the dopamine. But, for C. albicans
(Figure 4c) was observed that the logarithmic reduction of dopamine was similar with
oxidizing agent, perhaps by a synergistic effect. Figure 4d,e shows that total cytotoxicity is
generated by KMnO4 concentration.

Based on the statistical analysis obtained, Table 2 shows the limits and importance
of each parameter as well as the optimal values of the parameters with the predicted
responses for each response.

Table 2. Restrictions and optimal conditions predicted from the model obtained.

Parameter Lower
Limit

Upper
Limit Goal Importance Optimal

Value
Predicted

Value

Dopamine 0.5 1.5 3 0.88 -
KMnO4 0.1 0.5 3 0.45 -

Reduction log
CFU/mL S. aureus 0.30 0.64 Maximize 4 0.47

Reduction log
CFU/mL E. coli 0.19 0.76 Maximize 4 0.27

reduction log
CFU/mL C. albicans 0.34 1.05 Maximize 4 0.78

% Viability 65.13 99.00 Maximize 5 90.17
% LDH release 10.12 39.88 Minimize 5 20.59

3.3. Antibiofilm Activity

The antibiofilm activity of the PDA/Ti-6Al-4V composites were evaluated by scanning
electron microscopic imaging at the magnification of 10,000× and spectrophotometrically
assay (Figure 5) by purple crystal stained.

The antibiofilm activity evaluated by spectrophotometrically method showed the
inhibitory influence on the microbial biofilm’s development of S. aureus ATCC 6538,
E. coli ATCC 8739 and C. albicans ATCC 10321. In the case of S. aureus, P1 and P3 samples
showed antibiofilm activity with a statistically significant difference than control strain
(p < 0.01). From Figure 5 it can be seen that in the case of E. coli the antibiofilm activity is not
significant compared to the strain control while C. albicans had the best reduced microbial
adhesion capacity for all 4 variants. Sample encoded P3 (KMnO4: dopamine 0.1:1.5) had
the strongest activity, thus it can be concluded that the effect is generated by the increase
of the polydopamine concentration. The mechanism involved in inhibiting the formation
of microbial biofilms are inhibition of adhesion production or/and increased nitrosative
stress with NO release [28].

The results obtained by spectrophotometrically method were in accordance with
SEM data. In the case of C. albicans, it was observed that the polydopamine coating of
the alloy discs prevents the cells adhesion, and are not dependent on the oxidizing agent
concentration used. For E. coli strain, the colonies development is observed neither on
the alloy disk nor on the discs covered with polydopamine. S. aureus colonized both the
control disc and the polydopamine-coated discs. The levels of RNI were decreasing for
bacterial cell while yeast cell increase after 3 h of incubation with PDA (Figure 6). The
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highest NO production was observed for S. aureus cells. For C. albicans strain an increase of
RNI was observed.
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Significance values shown in figures are: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

The production of detectable amounts of extracellular RNI (NO) by C. albicans, inhib-
ited the adherence on implantable devices coating with PDA, these results were correlated
with quantitative (crystal violet) and qualitative (SEM) assays for antibiofilm activity.
So, by increasing the concentration of NO released, the adhesion capacity of microbial
cells decreases.
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4. Discussion

The presence of polydopamine and oxidative paramagnetic products highlighted
on the surface of the Ti-6Al-4V alloy was identified by solid-state NMR and EPR, results
in accordance with previous publications [26,29]. Mn oxides have been found to have
both antimicrobial and antibiofilm activity and low cytotoxicity [30]. According to Singh
et al. [14], polydopamine can immobilize and ensure a prolonged release of active principles
such as Mn oxides embedded between the alloy and the polydopamine film. The surface
area of the polydopamine film was evaluated by SEM and AFM. Among the surface
properties that influence bacterial adhesion and the subsequent formation of the biofilm,
surface roughness plays a major role that goes beyond the importance of surface free energy
and hydrophobicity [30].

The PDA/Ti-6Al-4V coatings have a relatively rough surface, and the presence of PDA
coating was observed according to Figures 2 and 3. According to Katsikogianni et al. [31],
this type of surface favors the microbial biofilms formation, an effect highlighted in the
case of E. coli and S. aureus strains (Figure 5). Polydopamine is known for self-polymerizing
dopamine to form surface-adherent nanocoating on a wide range of materials [7]. Moreover,
excellent biocompatibility and versatile secondary reactions stimulate PDA coating in
various uses [32,33].

Due to the bacteria invasion on the medical devices surface, an antimicrobial-agent
coating or surface modification is imperative to maintain hygiene for dental implants and
to prevent subsequent infection. Dental implants are medical devices commonly used
worldwide, and can cause acquired nosocomial infections [34]. In this context, we evaluated
the antimicrobial capacity through the logarithmic reduction of the CFU on the materials
surface. The strains used to determine antimicrobial activity are those recommended by
European standards for assessing the recovery rate of microorganisms for implantable
medical devices.

As shown in Table 1 and Figure 4 the reduction of lg CFU for C. albicans was more
pronounced than the bacterial strains. In addition, the logarithmic reduction was better for
variants with a higher KMnO4 content.

Although the microbial logarithmic reduction of the samples was moderate, the final
biomedical application of the discs should be considered. The intended use of these is in
the form of implantable medical devices. Thus, their antimicrobial properties are necessary
only until the systemic treatment with antibiotics takes effect (approx. 4–5 h from the time
of implantation). Therefore, their increased biocompatibility is a much more important and
desirable parameter. This result is in accordance with Feng et al. [35].

The evaluation of the biocompatibility degree was performed on a line of murine
osteoblasts, using two methods, MTT and LDH. Thus, both the cellular metabolism and the
integrity of the cell membranes were evaluated after exposure to the samples represented by
the substrates coated with polydopamine-based composites. The results obtained indicated
good biocompatibility values for samples P2, P3, and P4 against the positive control. The
treatment applied to the materials or any by-products released into the environment from
their surface did not significantly influence the viability of murine osteoblasts.

Using the Experimental Design (RSM) helped us to optimize the construction of
coatings with maximum antimicrobial properties but minimum cytotoxicity for dental im-
plantology applications. For this purpose, a process for optimizing the surface modification
of Ti-6Al-4V alloy was performed, starting from an initial process of PDA synthesis in the
presence of an oxidizing agent. The model allowed the optimization of PDA film synthesis
and the antimicrobial activity and cytotoxic effect were evaluated. The results showed that
the formula that gave the best antimicrobial activity with reduced cytotoxicity was PDA
film synthesis in molar ratios of 0.45:0.88 (KMnO4: dopamine).

The initial attachment of microbial strains to the implanted medical devices surface is
the first stage in biofilm formation. Thus, the inhibition of microbial colonization using
antimicrobial coatings, particularly during the most susceptible first 4 h period after
implantation, is a fundamental strategy to prevent biofilm formation [36,37]. According to
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Sadrearham et al. [38], PDA coatings possess low-fouling and nitric oxide (NO)-releasing
capabilities which are closely related to induce microbial dispersal and killing, besides
preventing microbial attachment to surfaces [39,40]. This could be one of the explanations
for the antibiofilm effect of PDA film. The PDA can alter cellular functions associated
with oxidative metabolism, thus stimulating the production of RNI in planktonic microbial
physiology, thus inhibiting the development of microbial biofilms without introduction
a NO-releasing agent [28]. We evaluated the ability of microorganisms to release NO as
a possible antifungal mechanism [41] for PDA antibiofilm activity. The PDA could cause
cellular stress inside the planktonic cells, thereby affecting the microbial adhesion and
growth under different conditions. These radical oxidizers could then accumulate in an
extracellular medium and affect the cellular metabolism.

These results contribute to a better understanding of the antibiofilm mechanism
against fungal strains in presence of PDA, which may help to clarify the relevance of PDA
on biofilm formation on medical devices.

5. Conclusions

By ratio variations of dopamine hydrochloride and KMnO4, a compromise variant
was obtained for a better antimicrobial activity with low cytotoxicity. Theoretically, the
sample with molar ratio of 0.45:0.88 (KMnO4:dopamine) showed the best antimicrobial
activity, but has a moderate cytotoxicity compared to the other samples. One of the mech-
anisms involved in antibiofilm activity is the ability of C. albicans to release extracellular
nitric oxides.

Among the microorganisms tested, the antibiofilm effect on C. albicans was significant.
C. albicans is the most common fungus in the oral cavity, and its appearance is strongly
associated with stomatitis. Up to 67% of all dental implant holders are affected by candidi-
asis [42,43]. Therefore, the eradication of fungal adhesion and thus the formation of fungal
biofilms on the dental implant could minimize the prevalence of oral candidiasis and dental
implant failure. However, for more in-depth studies, clinicals isolated from the oral cavity
will be considered for testing the optimal molar ratio dopamine: KMnO4 deposition.
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