
materials

Article

A Novel Surface Modification Strategy via Photopolymerized
Poly-Sulfobetaine Methacrylate Coating to Prevent Bacterial
Adhesion on Titanium Surfaces

Aydin Gülses 1,*,† , Antonia Lopar 1,†, Martha Es-Souni 2, Marie Emmert 1, Mona Es-Souni 2, Eleonore Behrens 1,
Hendrik Naujokat 1,*, Kim Rouven Liedtke 3 , Yahya Acil 1, Jörg Wiltfang 1 and Christian Flörke 1,*

����������
�������

Citation: Gülses, A.; Lopar, A.;

Es-Souni, M.; Emmert, M.; Es-Souni,

M.; Behrens, E.; Naujokat, H.; Liedtke,

K.R.; Acil, Y.; Wiltfang, J.; et al. A

Novel Surface Modification Strategy

via Photopolymerized

Poly-Sulfobetaine Methacrylate

Coating to Prevent Bacterial

Adhesion on Titanium Surfaces.

Materials 2021, 14, 3303. https://

doi.org/10.3390/ma14123303

Academic Editor: Stefano Lettieri

Received: 13 May 2021

Accepted: 8 June 2021

Published: 15 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Oral and Maxillofacial Surgery, Faculty of Medicine, Christian-Albrecht University, UKSH,
24105 Kiel, Germany; antonia_lopar@yahoo.de (A.L.); emmert.marie@googlemail.de (M.E.);
behrens@mkg.uni-kiel.de (E.B.); yahya.acil@uksh.de (Y.A.); joerg.wiltfang@uksh.de (J.W.)

2 Department of Orthodontics, Faculty of Dentistry, Christian-Albrecht University, UKSH, 24105 Kiel,
Germany; es-souni@kfo-zmk.uni-kiel.de (M.E.-S.); monaessouni@gmail.com (M.E.-S.)

3 Department of Orthopedics, Faculty of Medicine, Christian-Albrecht University, UKSH, 24105 Kiel, Germany;
kimrouven.liedtke@uksh.de

* Correspondence: aguelses@mkg.uni-kiel.de (A.G.); hendrik.naujokat@uksh.de (H.N.);
christian.floerke@uksh.de (C.F.)

† These authors have contributed equally to this work.

Abstract: Recent investigations on the anti-adhesive properties of polysulfobetaine methacrylate (pS-
BMA) coatings had shown promising potential as antifouling surfaces and have given the impetus for
the present paper, where a pSBMA coating is applied via photopolymerization on a macro-roughened,
sandblasted, and acid-etched titanium implant surface in order to assess its antifouling properties.
Current emphasis is placed on how the coating is efficient against the adhesion of Enterococcus fae-
calis by quantitative assessment of colony forming units and qualitative investigation of fluorescence
imaging and scanning electron microscopy. pSBMA coatings via photopolymerization of titanium
surfaces seems to be a promising antiadhesion strategy, which should bring substantial benefits
once certain aspects such as biodegradation and osseointegration were addressed. Additionally,
commercial SAL-titanium substrates may be coated with the super-hydrophilic coating, appearing
resistant to physiological salt concentrations and most importantly lowering E. faecalis colonization
significantly, compared to titanium substrates in the as-received state. It is very likely that pSBMA
coatings may also prevent the adhesion of other germs.

Keywords: titanium; antibacterial; polysulfobetaine methacrylate

1. Introduction

Besides cell factors release at the implant recipient site, the non-specific protein adsorp-
tion or the so called “biofouling” is one of the first primary steps of foreign body reaction
during placement of an implant. Since the 1950’s, titanium has been widely used in many
fields of medicine due to its superior bio-compatibility, corrosion resistance, strength, and
low modulus. However, infections secondary to medical implants remain challenging and
are also not uncommon in patients with titanium medical implants [1]. Therefore, there
is a growing interest on developing anti-biofouling surface treatment strategies for the
prevention of bacterial adhesion and colonization, which represent important processes
towards progression of infection.

In the literature, several antifouling strategies for titanium surfaces have been de-
scribed, such as titanium nanotube coatings [2], modifications with nanoarrays [3], plasma
immersion ion implantation onto the implant surface [4], antibiotic loaded coatings/and/or
antimicrobial peptide deposition [5,6], as well as the use of bactericidal metal ions such
as Ag, Cu, and Zn [7]. In addition to the above-mentioned strategies, applying a layer of
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physiologically inert polymer on the titanium surface has become one of the commonly
used antifouling strategies in recent years [8]. In this respect, the inherent antiadhesive
nature of the polymer suppresses bacterial interaction with the implant surface. In the
literature, coatings with poly(ethyleneglycol) (PEG) [9,10] and PEG derivates (polyethy-
lene oxide and pluronic F-127), nafion, [10–12], poly (oligo ethylene glycol) (POEG) [13],
polycarbonate, zwitterionic polymers [14], and dextran have been described as effective
anti-adhesion strategies for titanium surfaces [15,16].

A recent work performed coating of polysulfobetaine methacrylate (pSBMA) brushes
directly onto the pore walls of NiTi nanotubes and yielded an anti-adhesive surface, which
might be used for titanium implants [17]. Additionally, pSBMA has been suggested to
be successfully grafted onto the pore walls of TiO2 films and presents a a versatile and
environmentally friendly photo-grafting technique [17]. Moreover, pSBMA grafted films
were proclaimed to improve the wetting angles of the pore walls, which leads to a three-
dimensional nanocomposite, which is mechanically stable and particularly protein and
thereby bacteria-repellent [17]. Therefore, it might be possible to selectively modify an
implant surface with areas of high cell adhesion, where cell adhesion is required and has
areas with diminished protein adhesion, where bacterial adhesion should be avoided.
Preliminary investigations of the anti-adhesive properties of these coatings had shown
their promising potential as antifouling surfaces and gave the impetus for the present
paper, where a pSBMA coating is applied via photopolymerization on a macro-roughened,
sandblasted, and acid-etched titanium implant surface in order to assess its antifouling
properties. Current emphasis is placed on how the coating is efficient against the adhesion
of Enterococcus faecalis.

2. Materials and Methods
2.1. Chemical Substances, Culture Vessels, and Bacteria

The chemical substances used were: 3-(Trimethoxysilyl)propyl methacrylate (TM-
SPMA, Sigma Aldrich, St. Louis, MO, USA); [2-(Methacryloyloxy)ethyl]dimethyl-(3-
sulfopropyl)ammonium hydroxide 95% (SBMA, Sigma Aldrich); 1-phenyl-1,2-propanedione
(PPD, Sigma Aldrich, St. Louis, MO, USA); double distilled water (Carl Roth, Karlsruhe,
Germany); brain-heart-infusion-broth (Carl Roth GmbH + Co. KG, Germany) Nunc Ther-
manox coverslips, 13 mm diameter, were from Thermo-Fisher Scientific (Waltham, MA,
USA). For bacterial adhesion testing, commercially purchased Enterococcus faecalis (ATCC
29212) (Leibniz Institute DSM, Braunschweig, Germany) was used.

2.2. Sample Coating

For the current study, a total of 24 commercially purchased sand-blasted-acid-etched
(SLA) titanium samples (R:10 mm × 0.2 mm) of grade-4 (Ti-Pure-Plus® BEGO Medical
GmbH, Bremen, Germany) were used. The coating of 12 samples was conducted via
photo-grafting of SBMA using soft UV light, as described in (Es-Souni et al, Materials
& Design, 2019, 182, 108031). In brief: the sterile samples underwent a 5.5 min oxygen
plasma treatment with subsequent TMSPMA vapor deposition (2 h at 70 ◦C) and curing
(1 h 100 ◦C). Briefly, two solutions were prepared: An aqueous solution containing 28%
(w/w) SBMA, and a 52 mM PPD initiator solution in 2-propanol. Following degassing of
the monomer solution, the initiator was added in a molar ratio of 1 PPD:625 SBMA and
covered with 0.35 mL of the SBMA/PPD-solution. After thoroughly cleaning in order to
eliminate loosely bound species, the samples were stored dry at room temperature.

2.3. Examination of the Surface Morphology and Chemical Composition

Examination of the surface morphology and chemical composition prior and after pS-
BMA coating of samples were examined with the scanning electron microscope (SEM; Carl
Zeiss AG, Dresden, Germany), equipped with an X-ray electron diffraction spectrometry
(EDS; EDAX, Inc., Oxford, Great Britain) facility.
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2.4. Water Contact Angle Measurement and Wettability

Water contact angle (WCA) measurements of the coated and as-received titanium
species were performed using the sessile drop method (Data Physics Instruments GmbH,
Berlin, Germany).

2.5. FTIR Analysis

Transmission spectra of coated and bare titanium samples were recorded using an
attenuated Total Reflection—FTIR spectrometer (Spectrum, Perkin Elmer, Waltham, MA,
USA) in the range of 4000–400 cm−1.

2.6. Bacterial Contamination of the Samples

Bacterial colonization was comparatively assessed with coated and non-coated tita-
nium samples (n: 12). Thermanox™ coverslips served as control (n: 8) (Figure 1). According
to the experimental design, three coated samples and one Thermanox™ coverslip were
placed in a single petri dish, whereas three uncoated Ti substrates and one Thermanox™
coverslip placed in a second dish served as the control. All samples were incubated with
10 mL brain-heart-infusion-broth and contaminated with 10 µL Enterococcus faecalis for
5 days at 37 ◦C in a humidified atmosphere of 95% air and 5% CO2. After two days, the
medium was removed from the cell culture dishes and replaced with another 10 mL of BHI
containing 10 µL E. faecalis. This process was repeated after another two days. On the fifth
day, the samples were evaluated. Samples were washed gently with Dulbecco’s Phosphate
buffered saline solution (PBS) to remove the loose bacteria prior to the assessment.
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Figure 1. The study group consisted of three SPE coated titanium plates (1) and a single Thermanox™
plate. Three non-grafted titanium plates (2) and a single Thermanox™ plate (3) served as the control.
Both dishes were incubated isochronously. All experiments have been performed in quadruplicate.

2.7. Fluorescence Microscopy (FM)

Antifouling properties of coated and bare titanium substrates as well as Thermanox
coverslips were investigated using the Bac-Light, LIVE/DEAD™ Viability Kit staining
(Thermo-Fisher Scientific, Waltham, MA, USA). The SYTO 9 green-fluorescent nucleic
acid stain labels all bacteria in a population. The red-fluorescent nucleic acid stain pro-
pidium iodide penetrates only bacteria with damaged membranes and causes a color
shift from green to orange/red, when both dyes are present. All specimens were placed
in petri dishes, covered, and left incubated in the dark environment for 15 min at room
temperature. Subsequently, the samples were washed with PBS, placed on glass slides,
and examined using fluorescence microscopy (Axio Observer. Z1, and Axio Cam, MRc,
Carl Zeiss, Jena, Germany) with image processing software (Axio Vision Rel. 4.8, Carl
Zeiss Microscopy GmbH, Jena, Germany) to evaluate the bacterial colonization as well
as viability of the biofilm. Each specimen was assessed in scores from 1 (no detectable
bacteria) to 4 (measurable thick biofilm), as described by Acil et al. [18]. Classification of
colonization was conducted in four degrees: (a) class 1: no microorganisms detectable; (b)
class 2: sparse microorganisms; (c) class 3: many microorganisms and conglomerates; (d)
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class 4: dense microbial colonization. Fluorescence imaging analysis was conducted in
quadruplicate.

2.8. Scanning Electron Microscopy

For the scanning electron microscope evaluation, coated and native titanium samples
as well as Thermanox™ coverslips originating from five-day bacterial cultures were fixed
in 3% glutaraldehyde solution for 2 h at 4 ◦C. Thereafter, the specimens were gently washed
with PBS and placed on sample trays in a sample holder. The samples were dehydrated
in an ascending ethanol series of 50–100% and wet with 1,1,1,3,3,3-hexamethyl disilazan,
which replaced critical point drying. Thereafter, all specimens were sputtered with a 15 nm
thick gold layer (Sputter-Coater SCD 500, BAL-TEC, Maidenhead, UK). SEM evaluation
was performed with SEM XL 30CP (Philips Electron Optics GmbH, Kassel, Germany)
at magnification of 500× to 5000×. For the analysis of the specimens, the same semi-
quantitative scoring system was used as in the vital-fluorescence microscopy. The scale
ranged from 1 (no detectable bacteria) to 4 (measurable thick biofilm). SEM analysis was
conducted in quadruplicate.

2.9. Colony-Forming Units

The colony-forming unit (CFU) was used to estimate the number of viable bacteria.
For the estimation of colony-forming units (CFU), BHI-agar plates were used. One coated
Ti sample and one bare Ti substrate were placed in a 6-well plate with each containing
5 mL PBS. The 6-well plate was placed in an ultrasonic bath for 10 min in order to loosen
the adherent bacteria. The bacterial suspension was transferred into a reaction vessel and
diluted with NaCl in a ratio of 1:1000. The bacterial suspension was diluted in triplicate
(1:100), whereas four dilutions were conducted on two BHI-agar plates (SPE-Ti and Ti)
Both BHI-agar plates were incubated at 37 ◦C for 24 h. The CFU was quantified by using a
germ counter. CFU experiments were conducted in quadruplicate.

2.10. Statistical Analysis

Descriptive statistical analysis was carried out using IBM, SPSS, Statistics version 24.0
for Windows (IBM GmbH, Ehningen, Germany). A paired t-test was conducted to evaluate
the statistical differences between the two groups (pSBMA-Ti and Ti). The significance
level was set to (p < 0.05).

3. Results
3.1. Examination of the Surface Morphology and Chemical Composition

Table 1 showing the spectrum processing of Ti surfaces a. prior and b. after pSBMA
grafting. Visual data of spectrum analysis of Ti surfaces prior and after pSBMA grafting
were shown in Figure 2.

Table 1. Spectrum processing of Ti surfaces prior and after pSBMA grafting.

Element Weight (%) Atomic (%)

SK 0.25 0.37
TiK 99.75 99.63

Totals 100.00
Spectrum processing: No peaks omitted. Processing option: All elements analyzed (Normalised). Number of
iterations = 1. Standard: S—FeS2—1-Jun-1999 12:00 a.m. Ti—Ti—1-Jun-1999 12:00 a.m.
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3.2. Water Contact Angle Measurements and Wettability

The wettability of coated and bare titanium surfaces is depicted in Figure 3. Na-
tive, macro-roughened titanium surfaces exhibit a pronounced hydrophobic character
(WCA = 123◦), whereas pSBMA coated ones are super-hydrophilic (WCA = 3◦).
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3.3. FTIR Analysis

Figure 4 shows the FTIR transmission spectra of a pSBMA coated and a titanium
sample in the as-received state. Compared to the featureless spectrum of the native surface,
the pSBMA coated surface exhibit transmission bands that can be assigned to (1) C=O
(1720 cm−1), S=O (1170 and 1090 cm−1), species characteristic to the pSBMA coating as
well as (2) physisorbed water (3500 and 1640 cm−1).



Materials 2021, 14, 3303 6 of 10

Materials 2021, 14, x FOR PEER REVIEW 6 of 11 
 

 

 
Figure 3. (a) Native, macro-roughened titanium surfaces exhibit a pronounced hydrophobic character (WCA = 123°), 
whereas (b) pSBMA coated ones are super-hydrophilic (WCA = 3°). 

3.3. FTIR Analysis 
Figure 4 shows the FTIR transmission spectra of a pSBMA coated and a titanium 

sample in the as-received state. Compared to the featureless spectrum of the native sur-
face, the pSBMA coated surface exhibit transmission bands that can be assigned to (1) C=O 
(1720 cm−1), S=O (1170 and 1090 cm−1), species characteristic to the pSBMA coating as well 
as (2) physisorbed water (3500 and 1640 cm−1). 

 
Figure 4. FTIR transmission spectra of a titanium surface in the as-received state and after pSBMA 
coating. 

3.4. Fluorescence Microscopy 
Assessment of bacterial colonization on samples via fluorescence imaging analysis 

revealed the presence of sparse microorganisms on pSBMA-Ti surfaces (class 2), whereas 
bare Ti surfaces showed dense bacterial colonization (class 4). Besides that, many 

Figure 4. FTIR transmission spectra of a titanium surface in the as-received state and after pSBMA
coating.

3.4. Fluorescence Microscopy

Assessment of bacterial colonization on samples via fluorescence imaging analysis
revealed the presence of sparse microorganisms on pSBMA-Ti surfaces (class 2), whereas
bare Ti surfaces showed dense bacterial colonization (class 4). Besides that, many microor-
ganisms and conglomerates could be detected on Thermanox™ plates (class 3) (Figure 5).
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Figure 5. Assessment of bacterial colonization on samples via fluorescence imaging analysis revealed that; (a) Sparse
microorganisms could be observed on pSBMA -Ti surfaces (class 2) (b) whereas Ti surfaces showed dense bacterial
colonization (class 4) (c) Many microorganisms and conglomerates could be detected on Thermanox™ plates (class 3).

3.5. Scanning Electron Microscopy

Semiquantitative assessment of bacterial colonization on samples via scanning electron
microscopy at 5000 magnification showed sparse microorganisms on pSBMA—Ti surfaces
(class 2) and many microorganisms and conglomerates on Ti surfaces (class 3) (Figure 6).
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Figure 6. Semiquantitative assessment of bacterial colonization on samples via scanning electron microscopy (×5000) (a)
Bacterial colonization on SPE-Ti surfaces revealed sparse microorganisms (class 2) (b) whereas Ti surfaces showed many
microorganisms and conglomerates (class 3).

3.6. Colony Forming Units

The statistical comparison of CFU between pSBMA grafted titanium and non-grafted
titanium plates showed that the bacterial colonization on non-grafted plates was signifi-
cantly higher compared to SPE grafted titanium surfaces (p = 0.021) (Figure 7).
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higher compared to pSBMA grafted titanium surfaces. The difference was statistically significant
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4. Discussion

The use of implants has become a common treatment in several medical disciplines.
Taking dentistry as an example, it appears that the increase in oral health awareness
and improvement/ optimization of surgical procedures has led to a steadily increasing
number of surgical interventions. Nonetheless microbial inflammation reactions may
threaten treatment success. Modifying the surface morphology, wettability, and chemistry
of an implant could represent promising solutions with respect to biofouling and related
inflammatory reactions. The current study aimed to define a novel surface modification
strategy to prevent bacterial adhesion—a crucial step for irreversible microbial attachment
and further colonization—on titanium, the most widely used medical implant material.
Among others, Enterococcus faecalis is known to participate in tooth root infections and
to be able to remain in the surrounding bone after tooth extraction and colonize later
implants [19,20]. Different strategies have been developed to encounter such biofouling,
reaching from grafting leachable microbicides—such as antibiotics, antimicrobial peptides
or ions—to creating so called “inert” coatings. The key prerequisite for biofilm formation is
the step of adhesion and interaction of a species with the targeted surface. In this respect, it
appears obvious that creating coatings with low interaction potential towards surrounding
species might help to confer antifouling properties to implant surfaces. A promising
approach is the use of biocompatible zwitterionic polymer coatings such as pSBMA [21–23].
It has been shown that in an aqueous environment containing solved ions, the zwitterionic
nature of the coating is responsible for a hydration layer, where the structure of surrounding
water molecules resembles that of bulk water. Such super-hydrophilic surfaces appear
neutral, unfavorable to adsorption, and resist higher salt concentrations well [23].

In the present study, commercial sand-blasted-acid-etched titanium implant samples
have been successfully coated with pSBMA—as shown with FTIR measurements—using
a low-cost photo-polymerisation method. WCA measurements confirmed the super-
hydrophilic nature of the coating. In vitro biofouling experiments in the presence of E.
faecalis conducted in a qualitative manner (Fluorescence and SE microscopy) as well as in
quantitative manner (CFU counts) revealed its antiadhesive nature. SEM and fluorescence
microscopy showed both spares bacterial growth on the coated sample—probably due to
coating failures such as scratches—compared to the dense bacterial film adhered on the bare
titanium surface. Similar results were obtained for the CFU counts, where a statistically
significant higher amount of CFU was noted on titanium in the as-received state.

Taken together, the present work is consistent with other studies already published in
the field of antiadhesive zwitterionic coatings and offer a versatile and low-cost coating
method.

It is very well known that, not only surface roughness but also surface wettability
may influence bacterial adhesion to the implant surface [24]. The results of the current
study revealed that, despite their higher roughness characteristics compared to non-grafted
titanium surfaces, pSBMA coated titanium surfaces represented a significantly superior
hydrophilicity which has determined the superior antifouling properties of SPE grafted
titanium plates. The contact angle on the pSBMA grafted titanium surfaces could have
resulted in super-hydrophilic properties as described by Wenzel [25]. Additionally, the
superhydrophilicity of pSBMA grafted titanium surfaces could also be attributed to the
interaction of adjacent polymer chains [26,27]. High packing density of pSBMA via pho-
topolymerization processing described herein could have contributed to forming a uniform
polymer coating and consequently helped achieve better hydrophilicity as previously
suggested in the literature [28].

The results of the current experimental study showed that pSBMA coating of titanium
surfaces could be a promising strategy in preventing bacterial adhesion. From a clinical
point of view, infections around dental implants pose a great challenge for dental pro-
fessionals, thus plaque accumulation and concomitant bacterial adhesion could lead to
infections and implant loss. The surface modification technique described herein might
offer a novel solution in preventing peri-implantary infections in the future. However, it
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should be kept in mind that improving the anti-adhesive properties of titanium surfaces by
using polymers could also prevent the interaction of the implant surface both with bacterial
cells and native cells at the implant recipient site. Preventing the attachment of proteins
belonging to the physiological bone regeneration and/or osseointegration process could
result in inadequate or insufficient integration of the implant [29]. In order to overcome this
negative effect, promotion of osteo-induction via tethering of biologically active proteins
such as bone morphogenetic proteins (BMP-2 and BMP-7) on the implant surface has
been also reported [29,30]. Therefore, the osteoblast proliferation and/or osseointegration
process on SPE grafted titanium surfaces warrants further research.

Similarly, the stability of the grafted polymers on the implant surface in situ remains
of concern. An insufficient bonding strength between the coating and the implant surface
could lead to degradation or separation of the coating, which might result in a more
favorable environment for plaque accumulation or bacterial adhesion.

5. Conclusions

pSBMA coatings via photopolymerization of titanium surfaces seems to be a promising
antiadhesion strategy, which should bring substantial benefits once certain aspects such
as biodegradation and osseointegration were addressed. Additionally, commercial SAL-
titanium substrates may be coated with the super-hydrophilic coating, appearing resistant
to physiological salt concentrations and most importantly lowering E. faecalis colonization
significantly, compared to titanium substrates in the as-received state. It appears very likely
that pSBMA coatings may also prevent the adhesion of other germs.

Author Contributions: Conceptualization, A.G., C.F., and M.E.-S. (Martha Es-Souni); methodology,
A.L., J.W., Y.A. and M.E.-S. (Mona Es-Souni); validation, H.N., Y.A., and K.R.L.; formal analysis, C.F.
and M.E. investigation, A.L.; data curation, A.L and E.B.; writing—original draft preparation, M.E.
and A.G.; writing—review and editing, M.E. and A.G.; visualization, M.E.-S. (Mona Es-Souni), K.R.L.,
H.N., E.B. and M.E.-S. (Martha Es-Souni); supervision, J.W. All authors have read and agreed to the
published version of the manuscript.

Funding: We acknowledge financial support by DFG within the funding programme Open Access
Publizieren (Open Access Publikationsfonds).

Institutional Review Board Statement: No applicable.

Informed Consent Statement: Not applicable.

Data availability Statement: Data supporting results could be found at the research laboratories of
Christian-Albrecht University, Department of Oral and Maxillofacial Surgery.

Acknowledgments: The authors would like to thank Mohammed Es-Souni and BEGO (Bremer
Goldschlägerei Wilh. Herbst) Implants GmbH & Co. KG Bremen-Germany for their kind support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Liu, Z.; Liu, X.; Ramakrishna, S. Surface engineering of biomaterials in orthopedic and dental implants: Strategies to improve

osteointegration, bacteriostatic and bactericidal activities. Biotechnol. J. 2021, e2000116. [CrossRef]
2. Elbourne, A.; Crawford, R.J.; Ivanova, E.P. Nano-structured antimicrobial surfaces: From nature to synthetic analogues. J. Colloid

Interface Sci. 2017, 508, 603–616. [CrossRef]
3. Peng, Z.; Ni, J.; Zheng, K.; Shen, Y.; Wang, X.; He, G.; Jin, S.; Tang, T. Dual effects and mechanism of TiO2 nanotube arrays in

reducing bacterial colonization and enhancing C3H10T1/2 cell adhesion. Int. J. Nanomed. 2013, 8, 3093–3105.
4. Qiao, S.; Cao, H.; Zhao, X.; Lo, H.; Zhuang, L.; Gu, Y.; Shi, J.; Liu, X.; Lai, H. Ag-plasma modification enhances bone apposition

around titanium dental implants: An animal study in Labrador dogs. Int. J. Nanomed. 2015, 10, 653–664.
5. Neut, D.; Dijkstra, R.J.; Thompson, J.I.; Kavanagh, C.; van der Mei, H.C.; Busscher, H.J. A biodegradable gentamicin-

hydroxyapatite-coating for infection prophylaxis in cementless hip prostheses. Eur Cell Mater. 2015, 29, 42–55, discussion
55–56.

6. Li, T.; Wang, N.; Chen, S.; Lu, R.; Li, H.; Zhang, Z. Antibacterial activity and cytocompatibility of an implant coating consisting of
TiO2 nanotubes combined with a GL13K antimicrobial peptide. Int. J. Nanomed. 2017, 12, 2995–3007. [CrossRef] [PubMed]

http://doi.org/10.1002/biot.202000116
http://doi.org/10.1016/j.jcis.2017.07.021
http://doi.org/10.2147/IJN.S128775
http://www.ncbi.nlm.nih.gov/pubmed/28442908


Materials 2021, 14, 3303 10 of 10

7. Liu, Y.; Zheng, Z.; Zara, J.N.; Hsu, C.; Soofer, D.E.; Lee, K.S.; Siu, R.K.; Miller, L.S.; Zhang, X.; Carpenter, D.; et al. The antimicrobial
and osteoinductive properties of silver nanoparticle/poly (DL-lactic-co-glycolic acid)-coated stainless steel. Biomaterials 2012, 33,
8745–8756.

8. Wang, M.; Tang, T. Surface treatment strategies to combat implant-related infection from the beginning. J. Orthop. Transl. 2019, 17,
42–54. [CrossRef]

9. Caro, A.; Humblot, V.; Méthivier, C.; Minier, M.; Salmain, M.; Pradier, C.M. Grafting of lysozyme and/or poly(ethylene glycol) to
prevent biofilm growth on stainless steel surfaces. J. Phys. Chem. B 2009, 113, 2101–2109. [CrossRef]

10. Prime, K.L.; Whitesides, G.M. Self-assembled organic monolayers: Model systems for studying adsorption of proteins at surfaces.
Science 1991, 252, 1164–1167. [CrossRef]

11. Moussy, F.; Harrison, D.J.; Rajotte, R.V. A miniaturized Nafion-based glucose sensor: In vitro and in vivo evaluation in dogs. Int.
J. Artif. Organs. 1994, 17, 88–94. [CrossRef]

12. Moussy, F.; Jakeway, S.; Harrison, D.J.; Rajotte, R.V. In vitro and in vivo performance and lifetime of perfluorinated ionomer-coated
glucose sensors after high-temperature curing. Anal. Chem. 1994, 66, 3882–3888. [CrossRef]

13. Matos-Perez, C.R.; Wilker, J.J. Ambivalent Adhesives: Combining Biomimetic Cross-Linking With Antiadhesive Oligo(ethylene
glycol). Macromolecules 2012, 45, 6634–6639. [CrossRef] [PubMed]

14. Hu, Y.; Liang, B.; Fang, L..; Ma, G.; Yang, G.; Zhu, Q.; Chen, S.; Ye, X. Antifouling Zwitterionic Coating via Electrochemically
Mediated Atom Transfer Radical Polymerization on Enzyme-Based Glucose Sensors for Long-Time Stability in 37 degrees C
Serum. Langmuir 2016, 32, 11763–11770. [CrossRef] [PubMed]

15. Park, J.Y.; Kim, J.S.; Nam, Y.S. Mussel-inspired modification of dextran for protein-resistant coatings of titanium oxide. Carbohydr.
Polym. 2013, 97, 753–757. [CrossRef] [PubMed]

16. Muszanska, A.K.; Rochford, E.T.; Gruszka, A.; Bastian, A.A.; Busscher, H.J.; Norde, W.; van der Mei, H.C.; Herrmann, A.
Antiadhesive polymer brush coating functionalized with antimicrobial and RGD peptides to reduce biofilm formation and
enhance tissue integration. Biomacromolecules 2014, 15, 2019–2026. [CrossRef] [PubMed]

17. Wassel, E.; Es-Souni, M.; Laghrissi, A.; Roth, A.; Dietze, M.; Es-Souni, M. Data supporting polymerization of anti-fouling polymer
brushes polymerized on the pore walls of porous aluminium and titanium oxides. Data Brief. 2019, 23, 103702. [CrossRef]
[PubMed]

18. Açil, Y.; Heitzer, M.A.; Gülses, A.; Naujokat, H.; Podschun, R.; Wiltfang, J.; Flörke, C. The correlation between periodontal health
status and suspectibility to infections associated with craniomaxillofacial osteosynthesis plates. J. Craniomaxillofac. Surg. 2017, 45,
1868–1874. [CrossRef] [PubMed]

19. Flanagan, D. Implant Placement in Failed Endodontic Sites: A Review. J. Oral. Implantol. 2016, 42, 224–230. [CrossRef]
20. Arciola, C.R.; Campoccia, D.; Baldassarri, L.; Pirini, V.; Huebner, J.; Montanaro, L. The role of Enterococcus faecalis in orthopaedic

peri-implant infections demonstrated by automated ribotyping and cluster analysis. Biomaterials 2007, 28, 3987–3995. [CrossRef]
21. Lin, W.; Zhang, J.; Wang, Z.; Chen, S. Development of robust biocompatible silicone with high resistance to protein adsorption

and bacterial adhesion. Acta Biomater. 2011, 7, 2053–2059. [CrossRef] [PubMed]
22. Wang, S.Y.; Fang, L.F.; Matsuyama, H. Electrostatic Adsorption Behavior of Zwitterionic Copolymers on Negatively Charged

Surfaces. Langmuir Acs J. Surf. Colloids 2019, 35, 9152–9160. [CrossRef] [PubMed]
23. Schlenoff, J.B. Zwitteration: Coating surfaces with zwitterionic functionality to reduce nonspecific adsorption. Langmuir 2014, 30,

9625–9636. [CrossRef] [PubMed]
24. Dou, X.Q.; Zhang, D.; Feng, C.; Jiang, L. Bioinspired Hierarchical Surface Structures with Tunable Wettability for Regulating

Bacteria Adhesion. Acs Nano 2015, 9, 10664–10672. [CrossRef]
25. Wenzel, R.N. Resistance of solid surfaces to wetting by water. Ind. Eng. Chem. 1936, 28, 988–994. [CrossRef]
26. Hu, Y.; Yang, G.; Liang, B.; Fang, L.; Ma, G.; Zhu, Q.; Chen, S.; Ye, X. The fabrication of superlow protein absorption zwitterionic

coating by, electrochemically mediated atom transfer radical polymerization and its application. Acta Biomater. 2015, 13, 142–149.
[CrossRef]

27. Ostuni, E.; Chapman, R.G.; Holmlin, R.E.; Takayama, S.; Whiteside, G.M. A Survey of Structure-Property Relationships of
Surfaces that Resist the Adsorption of Proteins. Langmuir 2001, 17, 5605–5620. [CrossRef]

28. Huang, C.J.; Li, Y.; Krause, J.B.; Brault, N.D.; Jiang, S. Internal architecture of zwitterionic polymer brushes regulates nonfouling
properties. Macromol. Rapid Commun. 2012, 33, 1003–1007. [CrossRef] [PubMed]

29. Harris, L.G.; Tosatti, S.; Wieland, M.; Textor, M.; Richards, R.G. Staphylococcus aureus adhesion to titanium oxide surfaces coated
with non-functionalized and peptide-functionalized poly(L-lysine)-grafted-poly(ethylene glycol) copolymers. Biomaterials 2004,
25, 4135–4148. [CrossRef]

30. Shi, Z.; Neoh, K.G.; Kang, E.T.; Poh, C.; Wang, W. Titanium with surface-grafted dextran and immobilized bone morphogenetic
protein-2 for inhibition of bacterial adhesion and enhancement of osteoblast functions. Tissue Eng. Part A 2009, 15, 417–426.
[CrossRef]

http://doi.org/10.1016/j.jot.2018.09.001
http://doi.org/10.1021/jp805284s
http://doi.org/10.1126/science.252.5009.1164
http://doi.org/10.1177/039139889401700206
http://doi.org/10.1021/ac00094a007
http://doi.org/10.1021/ma300962d
http://www.ncbi.nlm.nih.gov/pubmed/23293396
http://doi.org/10.1021/acs.langmuir.6b03016
http://www.ncbi.nlm.nih.gov/pubmed/27756132
http://doi.org/10.1016/j.carbpol.2013.05.064
http://www.ncbi.nlm.nih.gov/pubmed/23911511
http://doi.org/10.1021/bm500168s
http://www.ncbi.nlm.nih.gov/pubmed/24833130
http://doi.org/10.1016/j.dib.2019.103702
http://www.ncbi.nlm.nih.gov/pubmed/30828598
http://doi.org/10.1016/j.jcms.2017.08.018
http://www.ncbi.nlm.nih.gov/pubmed/28927956
http://doi.org/10.1563/aaid-joi-D-15-00126
http://doi.org/10.1016/j.biomaterials.2007.05.013
http://doi.org/10.1016/j.actbio.2011.02.001
http://www.ncbi.nlm.nih.gov/pubmed/21300187
http://doi.org/10.1021/acs.langmuir.9b00950
http://www.ncbi.nlm.nih.gov/pubmed/31260317
http://doi.org/10.1021/la500057j
http://www.ncbi.nlm.nih.gov/pubmed/24754399
http://doi.org/10.1021/acsnano.5b04231
http://doi.org/10.1021/ie50320a024
http://doi.org/10.1016/j.actbio.2014.11.023
http://doi.org/10.1021/la010384m
http://doi.org/10.1002/marc.201100858
http://www.ncbi.nlm.nih.gov/pubmed/22323316
http://doi.org/10.1016/j.biomaterials.2003.11.033
http://doi.org/10.1089/ten.tea.2007.0415

	Introduction 
	Materials and Methods 
	Chemical Substances, Culture Vessels, and Bacteria 
	Sample Coating 
	Examination of the Surface Morphology and Chemical Composition 
	Water Contact Angle Measurement and Wettability 
	FTIR Analysis 
	Bacterial Contamination of the Samples 
	Fluorescence Microscopy (FM) 
	Scanning Electron Microscopy 
	Colony-Forming Units 
	Statistical Analysis 

	Results 
	Examination of the Surface Morphology and Chemical Composition 
	Water Contact Angle Measurements and Wettability 
	FTIR Analysis 
	Fluorescence Microscopy 
	Scanning Electron Microscopy 
	Colony Forming Units 

	Discussion 
	Conclusions 
	References

