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Bacterial infection and corrosion are two of the most common causes of the failure for the use of biomedical
metallic implants. In this paper, we developed a facile two-step approach for synthesizing a TiO2-PTFE nanocomposite coating on stainless steel substrate with both antibacterial and anticorrosion properties by using a solgel dip coating technique. A sub-layer of bioinspired polydopamine (PDA) was ﬁrst coated on the stainless steel
substrate to improve the adhesion and reactivity, then TiO2-PTFE was uniformly co-deposited onto the PDA sublayer. Both PTFE and TiO2 contents had a signiﬁcant inﬂuence on the surface energy of the TiO2-PTFE coating.
The coating with the total surface energy of 26 mJ/m2 exhibited minimal bacterial adhesion against both Gramnegative Escherichia coli WT F1693 and Gram-positive Staphylococcus aureus F1557, which was explained using
the extended DLVO theory. Beneﬁting from the synergistic eﬀect between TiO2 and PTFE, the TiO2-PTFE coating
showed improved corrosion resistance in artiﬁcial body ﬂuids compared with the sole TiO2 coating or PTFE
coating. The TiO2-PTFE coating also demonstrated extraordinary biocompatibility with ﬁbroblast cells in culture, making it a prospective strategy to overcome current challenges in the use of metallic implants.

1. Introduction
Metallic implants are engineered systems designed to provide internal support to biological tissues and have been used extensively in
dental, endovascular and orthopaedic surgery [1,2]. However, the high
incidence of medical implant-related infections and complications are
associated with increased morbidity and mortality, prolonged hospitalisation, patient discomfort and increased medical costs. Bacteria can
adhere to implant surfaces and become embedded in a dense extracellular matrix which shields the bacteria from host defence mechanisms and blocks antibiotic penetration [3,4]. Despite extensive local
tissue debridement and prolonged systemic and targeted local antimicrobial therapy, the infected device often must be removed to fully
resolve the problem [5]. Current strategies for preventing infections
include coating or impregnating antibacterial agents such as antibiotics
[6], nano‑silver [7] and other antiseptics [8,9] onto the implant surface. However, most of these attempts fail to deliver sustained antibacterial eﬀects as the coatings are prone to loss of activity after
covalent bonding [10]. Microbes being exposed to sub-lethal levels of
the antimicrobials may trigger the emergence of resistance in situ.

⁎

Silver has been documented to possess a broad spectrum of antimicrobial activity, but there are certain concerns about its cytotoxicity
towards mammalian cells [11]. Antibacterial polymer or peptides have
also been accepted as promising candidates to impart device surfaces
with antibacterial properties, although, problems such as poor adherence and the risk of polymer degradation-induced inﬂammatory
responses still exist [12].
In addition to the above problems, the long-term presence of metal
devices in the body is associated with an increased risk of corrosion
which can signiﬁcantly undermine the long-term performance of implants and lead to an increase in inﬂammatory responses [13,14]. For
instance, previous studies have shown that 316L stainless steel (316L
SS) implants are often subject to degradation due to pitting, crevice
formation, corrosion fatigue, fretting corrosion, stress corrosion
cracking and galvanic corrosion in the body [15]. Released cytotoxic
constituents such as nickel and chromium ions are accumulated in the
tissues surrounding the implants and can migrate through the blood to
be accumulated in vital organs such as the kidney, spleen and liver
[16]. Therefore, designing a novel coating for metallic implants with
long-term eﬃcient antibacterial and anti-corrosion activities would be
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allow complete hydrolysis and condensation of TBOT. Prior to the dip
coating process, the sub-coated plates were ultrasonicated and rinsed
with deionised water to detach excess monomer and particles. The
plates were then vertically immersed into the mixture for 30s and
withdrawn at a constant speed of 5 mm/s. After each coating, the plate
was air dried at room temperature and rinsed 3 times with ethanol to
remove excess TBOT and TiO2. Finally, the coated plates were heattreated at 100 °C for 2 h with a heating rate of 2 °C min−1 in all cases.

an important strategy to cope with these issues.
Titanium dioxide (TiO2) represents a type of broad-spectrum bactericide with excellent biocompatibility and corrosion resistance
[17–20]. Activation of TiO2 particles with adequate UV light generates
electrons and holes that react with adsorbed water and dioxygen molecules to form reactive oxygen species (ROS), killing or inhibiting the
growth of bacteria by penetrating their cell walls [21,22]. Ohko et al.
[23] reported that silicone catheters coated with TiO2 photocatalyst
thin ﬁlms exhibited a strong bactericidal eﬀect under UV illumination.
Moreover, numerous studies have demonstrated that the inclusion of
TiO2 in coatings can result in a correlated change in surface energy and
its components, which has a signiﬁcant inﬂuence on bacterial adhesion
[24–26]. Zhao et al. [27] incorporated TiO2 nanoparticles into Ni-P
coatings and found that the electron donor surface energy (γ−) of the
Ni-P-TiO2 coatings increased signiﬁcantly with increasing TiO2 content
after UV irradiation. They also found that the number of adhering
bacteria decreased with increasing electron donor surface energy of the
coatings. These studies indicated that employing TiO2 in coatings could
produce a self-sterilizing surface with both antibacterial and anti-adhesive properties after ultraviolet illumination.
Recently, Liu and Zhao [28] demonstrated that the ratio of the
Lifshitz-van der Waals (LW) apolar component to electron donor surface-energy components of substrates (γLW/γ−, also called the CQ ratio)
controls bacterial adhesion. They found that surfaces with the lowest
CQ ratio had the lowest bacterial adhesion. Polytetraﬂuorethylene
(PTFE) is a well-recognised biomaterial with low surface energy and
numerous studies have shown that the incorporation of PTFE nanoparticles into the metallic matrix signiﬁcantly reduced the γLW component of the coatings, which is one of the main reasons for the coatings
to have non-stick or antibacterial properties [29–31]. However, no research has been reported on the antibacterial properties of TiO2-PTFE
nanocomposite coatings. In this paper, we aimed for the ﬁrst time to
develop a TiO2-PTFE nanocomposite coating to protect 316 L stainless
steel implants from bacterial infection and corrosion. Firstly, we applied the mussel-inspired polymer coating strategy to functionalise the
stainless steel substrate with catechol groups which could be a platform
for secondary reactions to deposit TiO2 sols [32]; TiO2-PTFE coatings
were then prepared via a facile sol-gel technique. The antibacterial and
anti-adhesion eﬃciencies of the coatings were evaluated with both
Gram-negative (Escherichia coli) and Gram-positive (Staphylococcus
aureus) bacterial strains. Anti-corrosion properties were assessed using
an electrochemical method. Biocompatibility at the mammalian cell
level was also evaluated.

2.2. Surface characterisation
The surface morphology of the coatings was characterised using
scanning electron microscopy (Field emission-scanning electron microscope (FE-SEM), JEOL JSM-7400F, Tokyo, Japan) with an accelerating voltage of 5 kV and atomic force microscope (AFM, Dimension
3000, Santa Barbara, CA, U.S.A.). The particle size distribution was
calculated from random SEM images for triplicate specimens using
ImageJ software. For surface composition analysis, energy-dispersive Xray spectrometry (EDX, QX200, Bruker, Billerica, U.S.A.) and UHV Xray photoemission (XPS, ESCALAB 250, Waltham, U.S.A.) were used.
The distributions of TiO2 and PTFE were monitored by EDX elemental
mapping across the entire surface of the coatings. Before contact angle
measurement, all the coatings were exposed to UV light for 2 h: the
contact angle on the coatings was obtained using a sessile drop method
with a Dataphysics OCA-20 contact angle analyser (DataPhysics
Instruments GmbH, Filderstadt, Germany). The surface energy and its
components of the coatings were calculated using the van Oss approach, which have been described in detail previously [34]. X-ray
diﬀraction (XRD) was used to identify crystalline materials. Diﬀraction
patterns were recorded from 3 to 120° 2-θ using Ni-ﬁltered Cu K-alpha
radiation and scanning from 3 to 120° 2-θ counting for 300 s per step on
a Panalytical X-pert Pro diﬀractometer using an X-celerator position
sensitive detector. Mineral phases were identiﬁed with reference to
patterns in the International Centre for Diﬀraction Data Powder Diffraction File (PDF).
2.3. Anti-adhesive and antibacterial activity
The anti-adhesion eﬃcacy of the TiO2-PTFE coatings was determined by co-culture experiments utilising Gram-negative Escherichia
coli WT F1693 and Gram-positive Staphylococcus aureus F1557 as model
bacteria in nutrient media (10% tryptone soya broth (TSB) in phosphate
buﬀered saline (PBS)) (Sigma-Aldrich, UK) at 37 °C. Firstly the stock
strains were cultured on tryptone soya agar (TSA) plates overnight at
37 °C. A single colony was then selected and incubated in 5 mL TSB and
grown statically overnight at 37 °C. Then, 500 μL of this culture was
transferred into 100 mL TSB and grown to the mid-exponential phase,
since cells harvested in this growth phase show the best adhesion to a
solid surface [35]. Next, 106 CFU/mL E. coli and S. aureus were prepared in PBS and six replicates of each sample were incubated with
30 mL of the bacterial suspension at 20 rpm at 37 °C. Bacterial adhesion
was examined by counting the number of adhered cells at 2, 6, 12 and
24 h, respectively using ﬂuorescence microscopy. A LIVE/DEAD Baclight bacterial viability kit L13152 (Fisher Scientiﬁc, UK) was used to
stain adhered bacteria, the adhering cells were observed and quantiﬁed
using a ﬂuorescence microscope (OLYMPUS BX 41, Japan) and Image
Pro Plus software (Media Cybernetics, Rockville, USA).
The antibacterial activity of the TiO2-PTFE coatings was evaluated
using culture turbidity as a qualitative measure of bacterial growth. All
samples were sterilised by autoclaving at 121 °C for 15 min and then
added into the above bacterial suspension with UV irradiation (wavelength 254 nm, 4w, Fisher Scientiﬁc, UK) for 30 min. Bacterial growth
behaviour was examined in the presence of the samples, and growth
was monitored at hourly intervals for 12 h at 120 rpm at 37 °C by
measuring the increase in optical density (OD) at 600 nm using a
spectrophotometer (Biochrom WPA CO8000, Cambridge, UK). All

2. Materials and methods
2.1. Preparation of TiO2-PTFE nanocomposite coatings
Commercially
available
316 L
stainless
steel
plates
(25 mm × 25 mm × 1 mm) were cleaned by ultrasonication in ethanol
and deionised water, respectively. The mussel-inspired strategy to
prepare polydopamine sublayer onto the surface of 316L stainless steel,
and the sol-gel process to prepare TiO2-PTFE nanocomposite coatings
are illustrated in Fig. 1a. In brief, prior to TiO2-PTFE sol-gel coating, the
plates were treated with 2 mg/mL dopamine (Sigma-Aldrich, UK) in
10 mM Tris-HCl buﬀer (10 mM, pH = 8.5, Sigma-Aldrich, UK) for 24 h
under constant stirring at 100 rpm at 25 °C [33]. A TiO2 precursor sol
was prepared via the acid catalysed controlled hydrolysis of titanium
(IV) butoxide (TBOT) (Sigma-Aldrich, UK) in ethanol (EtOH) (SigmaAldrich, UK). In this study, 0.1 M nitric acid (HNO3) (Sigma-Aldrich,
UK) was used as a catalyst and the volume ratio for TBOT: EtOH: 0.1 M
HNO3 was 1: 40: 2. Then 1.0–2.0 g/L TiO2 nanoparticles (anatase, <
25 nm, Sigma-Aldrich, UK) and 2.0 g/L of PTFE particles with a mean
particle size of 200–300 nm (Polysciences, Inc., USA) were introduced
into the sol and thoroughly mixed by ultrasonication. The mixture was
further left with continuous stirring at room temperature for 24 h to
232
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Fig. 1. (a) Illustrative diagrams of the TiO2-PTFE coating process; (b) XRD patterns of diﬀerent coatings; (c) Water contact angles for diﬀerent substrate surfaces The
inserts are images of the water droplets after deposition on the surface for 60 s; (d) SEM images of typical TiO2-PTFE nanocomposite coatings on untreated 316L SS,
polished SS and PDA coated surfaces, respectively (all scale bars correspond to 50 μm). Typical data are shown from one of several examinations.
Table 1
Contact angle and surface energy components of the coating samples and bacteria (N = 6, bars are standard error of the mean).
Sample

316L SS
PTFE
TiO2-1
TiO2-2
TiO2-PTFE-1
TiO2-PTFE-2
E. coli [44]
S. aureus [44]

Particle conc. (g/L)

Contact angle, θ (deg)

PTFE

TiO2

θW

θD

1.0
2.0
1.0
2.0

68.8 ± 0.4
105.8 ± 0.8
48.0 ± 1.3
40.4 ± 1.8
92.7 ± 1.7
74.4 ± 2.0
16.5 ± 1.1
16.6 ± 1.8

36.7
78.9
44.1
43.7
64.8
56.4
47.6
54.8

2.0

2.0
2.0

Surface free energy (mJ/m2)
θE
±
±
±
±
±
±
±
±

0.1
0.9
1.5
0.9
1.5
1.3
0.5
0.7

experiments were performed in triplicate.

45.0
89.1
42.8
40.7
75.6
66.9
22.9
22.3

±
±
±
±
±
±
±
±

1.0
1.3
0.7
1.4
0.8
1.3
0.7
1.2

γLW

γ+

γ−

γTOT

41.23
18.06
37.49
37.70
25.82
30.65
35.60
31.56

0.03
0.00
0.00
0.01
0.01
0.13
0.14
0.43

13.63
1.58
40.14
47.76
4.40
13.45
67.68
68.32

42.60
18.21
37.93
39.21
26.13
33.30
41.76
42.40

samples (exposed area: 6.25 cm2) were immersed for 1 h to achieve
balanced open circuit potentials (OCP). Potentiodynamic polarization
curves (Tafel plots) were recorded from a starting potential of 50 mV
below the OCP and scanned towards the positive direction at a scan rate
of 0.5 mV/s. Data ﬁtting and analysis were performed using the software CorrTest® 1.2.

2.4. Corrosion test
The anticorrosion properties of the samples were evaluated electrochemically in vitro using a CorrTest Electrochemistry Workstation
with three electrodes: a working electrode, a platinum counter electrode and a saturated calomel (SCE) reference electrode. All measurements were performed in Hank's solution to simulate the biocorrosive
environment around an implant [36]. Prior to Tafel polarization, the

2.5. Cytotoxicity and cell adhesion
Cytotoxicity tests were performed according to the ISO 10993233
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Fig. 2. (a) SEM images of TiO2-PTFE nanocomposite coatings at two diﬀerent magniﬁcations; (b) Size distribution of the PTFE particles; (c) Semi-quantitative results
of EDX; (d) EDX mappings of the a-1 SEM image. Typical images are shown from one of several examinations.

5:2009(E), using mouse ﬁbroblast cells L929 obtained from European
Collection of Authenticated Cell Cultures (UK) that are commonly used
for cytotoxicity evaluation of biomaterials. The L929 cell line was
cultured in Eagle's minimum essential medium (MEM) supplemented
with 10% fetal bovine serum in addition to 100 mg/mL penicillin and
100 mg/mL streptomycin for 24 h at 37 °C, under air conditioning 5%
CO2. After achieving conﬂuence, 500 μL of a cell suspension with
~105 cells/mL was seeded in each well of a 48-well plate. The cells
were then incubated in a humidiﬁed atmosphere (> 90% humidity)
with 5% CO2 at 37 °C overnight. The samples (n = 6) were carefully
placed into the 48 well plate and incubated for 24, 48 and 72 h, respectively. Wells containing only L929 cells were used as control.

Cytotoxicity was measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT) assay method. All the medium was
removed and 50 μL of MTT was added to each well. After 4 h of incubation in the dark at 37 °C, 500 μL of isopropanol was added to each
well to dissolve the formazan. The absorbance was measured at 570 nm
and relative cell viability was measured by comparison with the control. In another experiment, L929 cells were plated in a confocal culture
dish. As cells reached 30% conﬂuence in all groups, they were treated
with the samples for another 72 h. Cells were ﬁxed with 4% paraformaldehyde (PFA) in PBS at 37 °C in the dark overnight and stained
with ﬂuorescein Alexa Fluor 488 phalloidin (AF488-phalloidin)
(Molecular Probes) and Hoechst 33258 (Molecular Probes). After
234

Applied Surface Science 490 (2019) 231–241

S. Zhang, et al.

Fig. 3. XPS spectra of TiO2-PTFE coatings: (a) wide scan, (b) C 1s, (c) Ti 2p, (d) O 1s and (e) F 1s.

Fig. 4. AFM of (a) TiO2-2, (b) PTFE and (c) TiO2-PTFE-2.

3. Results and discussion

incubation with Hoechst 33258, the cells were subsequently washed 3
times in 0.01 M PBS, pH 7.2, before being examined using confocal
microscopy (Leica SP8 confocal microscope, Wetzlar, Germany). For
examination of cell attachment and spread, samples ﬁxed with 2.5%
glutaraldehyde and dehydrated in a graded ethanol series (50–100% (v/
v), 15 min per step). Samples were then critical point dried using a liquid CO2 BAL-TEC CPD 0.30 critical point dryer (BAL-TEC company,
Canonsburg, USA) and subsequently mounted on aluminium stubs
using carbon adhesive tape and stored in a desiccator at room temperature. Prior to electron microscopy, samples were coated with 10 nm
Au/Pd using a Cressington 208HR sputter coater (Ted Pella, Inc.,
Redding, CA, USA).

3.1. Characterisation of TiO2-PTFE nanocomposite coatings
Although the precise molecular mechanism for dopamine polymerisation has not yet been fully disclosed, the PDA coating was found
to be an extremely versatile platform for secondary reactions. Wang
et al. [37] demonstrated that PDA could strongly chelate Ti (IV) and
TiO2 with OH groups from the catechol binding to Ti molecules to boost
nucleation and growth of the TiO2 ﬁlm. Anderson et al. [38] have also
shown that catechol could form bidentate binuclear surface complexes
on TiO2 surfaces with covalent and ionic bonding characteristics.
Therefore, the PDA sublayer would be chemically bonded rather than
being physically adsorbed to the TiO2 sol. In a typical sol-gel TiO2
coating process, the formation of crystalline anatase TiO2 usually requires calcination at over 400 °C [39], but this temperature is much
higher than the glass-transition temperature (Tg) and melting point of
PTFE [40]. Therefore, to synthesise coatings with photocatalytic activity, a range of anatase TiO2 nanoparticles was incorporated into the
sol and the TiO2-PTFE coatings were heat treated at 100 °C (Fig. 1a).
As shown in Fig. 1b, the XRD diﬀraction pattern of the pure TiO2 sol

2.6. Statistical analysis
Statistical analysis was performed using SPSS software (version
19.0) and data were represented as the means ± standard deviation.
Group comparison was conducted using a one-way ANOVA combined
with a Student-Newman-Keuls (SNK) post hoc test to determine the
level of signiﬁcance. p < 0.05 was considered signiﬁcant and
p < 0.01 was considered highly signiﬁcant.
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Fig. 5. Eﬀect of contact time on adhesion of (a) E. coli and (b) S. aureus to diﬀerent samples; bacterial growth in the presence of diﬀerent samples for (c) E. coli and (d)
S. aureus. (N = 10, bars are standard error of the mean).

Fig. 6. Eﬀect of surface energy on (a) E. coli and (b) S. aureus adhesion at various contact times (N = 10, bars are standard error of the mean).

Fig. 2d shows the distributions of C, O, F and Ti in the coatings obtained
by EDX elemental mapping, which further veriﬁes the uniform distribution of TiO2 and PTFE particles throughout the coating. Fig. 3
shows the XPS results of a typical TiO2-PTFE coating and the wide-scan
survey spectrum clearly shows the C 1s, Ti 2p, O 1s and F 1s peaks
(Fig. 3a). To identify the existence of PTFE and TiO2, these peaks were
separately ﬁtted with several curves. As shown in Fig. 3b and e, typical
C-C, C-F, CF2, CF3 groups in PTFE were observed, which conﬁrmed that
PTFE particles were successfully incorporated into the coatings. In the
core level spectrum of Ti 2p, the binding energies of the peaks were
located at 457.0 eV and 462.8 eV, which corresponded to Ti 2p 3/2 and
Ti 2p 1/2, respectively (Fig. 3c). The appearances of Ti 2p 3/2 and O1s
(at 530.4 eV, Fig. 3d) indicated the TiO2 sol matrix, and the peaks of Ti
2p 1/2 and O1s (at 528.6 eV, Fig. 3d) were attributed to the chemical
bonding of TiO2 [24]. Fig. 4 shows the AFM images of TiO2, PTFE and
TiO2-PTFE coatings (TiO2, 2.0 g/L, PTFE 2.0 g/L). The surface roughness values (Ra) for the PTFE coatings (141.3 ± 6.9 nm) were much
higher
than
the
TiO2
(79.4 ± 9.0 nm)
and
TiO2-PTFE
(129.8 ± 7.7 nm) coatings, which should be ascribed to the large
particle size of PTFE (Fig. 2b).
Table 1 shows the water contact angle (WCA) and the surface energy of the coatings. It was found that the concentrations of TiO2 and

did not exhibit clear peaks indicating that the coating without anatase
TiO2 incorporation is amorphous in nature. In comparison, the diffraction patterns of TiO2 and TiO2-PTFE coatings (see Fig. 1b and
Table 1) showed clear peaks corresponding to the plane of anatase TiO2,
which conﬁrms the presence of anatase phase of TiO2 in the coatings.
Moreover, the morphology of TiO2-PTFE coated surfaces was also investigated using SEM. The coatings on bare steel substrates showed
obvious cracks which could be a result of shrinkage during the thermal
process (Fig. 1d-1 and Fig. 1d-2); while after coating with the PDA
sublayer, the coating uniformity was signiﬁcantly improved (Fig. 1d-3).
This could be attributed to the improvement of hydrophilicity of the
substrate surface that enhances the tendency of the ﬁlm to resist rupture and lowers the crack propagation velocity [41]. In this study, the
hydrophilicity of the substrate surfaces was characterised by measuring
the water contact angle (WCA) (Fig. 1c). After polishing and PDA
coating, WCA values decreased from 68.8 ± 0.4° (untreated 316L SS)
to 44.5 ± 1.6° and 18.6 ± 1.2°, respectively (Fig. 1c).
At higher magniﬁcation, the TiO2 nanoparticles and PTFE particles
(with an average diameter of 200–300 nm) were uniformly distributed
in the coatings (Fig. 2a, b). Fig. 2c shows the typical surface composition of the TiO2-PTFE coating. The major surface constituents included
C, O, F, Ti, Cr and Fe. The Fe and Cr were from the 316L SS substrate.
236
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Fig. 7. (a–b) Eﬀects of separation distance (H) on interaction energy and (c–d) eﬀects of total interaction energies on bacterial adhesion at 8 nm at diﬀerent contact
times (N = 10, bars are standard error of the mean).

Fig. 8. (a) Open-circuit potential characteristics and (b) potentiodynamic polarization curves of diﬀerent samples in Hank's solution.
Table 2
Electrochemical parameters of diﬀerent samples in Hank's solution.
Samples

Icorr (μA/cm2)

Ecorr (V)

OCP (V)

316L SS
PTFE
TiO2-1
TiO2-2
TiO2-PTFE-1
TiO2-PTFE-2

2.77
0.40
1.72
0.56
0.34
0.21

−0.59
−0.28
−0.38
−0.31
−0.25
−0.22

−0.35
−0.14
−0.28
−0.23
−0.11
−0.05

PTFE particles in the coating bath signiﬁcantly inﬂuenced the values of
WCA and surface energy of the coatings. Coatings with a PTFE concentration of 2.0 g/L in the bath increased the value of WCA signiﬁcantly and decreased surface energy components (γLW, γ− and γTOT)
due to its hydrophobic and low-surface-energy features. In contrast, an
increasing concentration of TiO2 in the coating bath showed an adverse
impact. Previous studies have demonstrated that the WCA on TiO2coated surfaces decreased signiﬁcantly after UV irradiation [42] and
this photo-excitation could further lead to the generation of electronhole pairs accumulating on the TiO2 surface [43].

Fig. 9. Cell viability (% compared to control) after treatment with diﬀerent
coating samples for 24, 48 and 72 h (N = 6, bars are standard error of the
mean).

3.2. Bacterial adhesion and growth
As bacterial adhesion and proliferation on medical devices are the
chief culprits for hospital infections, the adhesion of two common potential pathogens (Gram-negative E. coli and Gram-positive S. aureus) to
237
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Fig. 10. Confocal microscopy images of ﬁbroblast cells after 72 h of treatment with diﬀerent coating samples (scale bar corresponds to 100 μm). Typical images are
shown from one of several examinations.

the coatings was evaluated using ﬂuorescence microscopy after contact
times of 2, 6, 12 and 24 h. Generally, the number of adhering bacteria
increased with increasing contact time for all coatings (Fig. 5a and b).
The TiO2-PTFE-1 coated surface exhibited the lowest bacterial adherence, reducing adhesion of E. coli and S. aureus by 70.9% and 65.0%,
respectively, after 24 h, as compared with the uncoated 316L SS surface.
Fig. 5c and d show the results for E. coli and S. aureus, respectively.
The bacteria cultured with PTFE coated samples showed similar growth
to the control over the test period. In comparison, the TiO2-containing
samples (TiO2-1, TiO2-2, TiO2-PTFE-1 and TiO2-PTFE-2) exhibited noticeable inhibition of bacterial growth. The bacterial inhibition increased with increasing TiO2 concentration in the bath (see Table 1).
For a given TiO2 concentration in the bath, the TiO2 coatings performed
slightly better than the TiO2-PTFE coatings. A diﬀerence in the

inhibition eﬀects was also observed between the two strains. Li et al.
[45] reported that although TiO2 can kill both Gram-negative and
Gram-positive bacteria, Gram-positive bacteria are less sensitive due to
their thicker cell wall.

3.3. Eﬀect of surface energy on bacterial adhesion
The inﬂuence of surface energy on bacterial adhesion has been investigated extensively with the frequent conclusion that low-energy
surfaces are less prone to bacterial adhesion due to weaker binding at
the interface [46]. In this study, a range of coatings with total surface
energy from 18.21 mJ/m2 to 42.60 mJ/m2 were prepared and the effects of surface energy on adhesion of E. coli and S. aureus were studied
after diﬀerent contact times. As shown in Fig. 6, the TiO2-PTFE-1 coated
surface with the surface energy 26.13 mJ/m2 performed best against
238

Applied Surface Science 490 (2019) 231–241

S. Zhang, et al.

Fig. 11. SEM observations of L929 mouse ﬁbroblasts after incubation with diﬀerent surfaces for 72 h (all scale bars correspond to 10 μm.) Typical images are shown
from one of several examinations.

3.4. Corrosion resistance

bacterial adhesion at all contact times. The results also showed that
there existed an optimal value for the surface energy (between 20 and
30 mJ/m2) at which bacterial adhesion is minimal. These results were
consistent with the Baier curve [47].
Bacterial adhesion is a complicated process that is inﬂuenced by
numerous factors such as properties of bacteria, substratum surface and
ﬂuid [48]. The most prominent model for quantitative prediction of
bacteria-material interaction energies is the extended DerjaguinLandau-Verwey-Overbeek (DLVO) theory [49]. The principal interaction forces determining hetero-coagulation include a Lifshitz–van der
Waals (LW) interactive component, an electrostatic double-layer (EL)
component, a Lewis acid-base (AB) component, and Brownian motion
(Br) [49]. The total interaction energy ΔETOT between bacteria 1 and a
solid surface 2 in a ﬂuid 3 can be written as the sum of these corresponding interaction terms [49]:
LW
EL
AB
Br
∆E TOT = ∆E132
+ ∆E132
+ ∆E132
+ ∆E132

For metallic implants, corrosion is almost inevitable and is responsible for prosthesis instability and potential toxicity to the host.
Although stainless steels remain popular for implant applications due to
their excellent fabrication properties, low cost, accepted biocompatibility and strength, 316L stainless steel contains signiﬁcant amounts of
chromium (16–18%) and nickel (10–14%). The release of these metals
into human tissue and ﬂuids must be regarded as a likely source of longterm problems owing to their known potential carcinogenic and toxic
eﬀects [53]. However, this could be avoided or alleviated through
improving the anti-corrosion properties of the materials. In this study,
the corrosion resistance of the coatings was determined via an electrochemical method. As shown in Fig. 8a, after coating, all the OCP
values of the samples shifted positively: the ﬁnal potentials after 1 h are
shown in Table 2. The OCP shift in the noble direction suggested the
formation of a passive ﬁlm that acted as a barrier for metal dissolution
and reduced the corrosion rate. The TiO2-PTFE-2 coating had the
highest OCP value indicating the best thermodynamic stability. From
the Tafel plots (Fig. 8b, Table 2), all the coated samples demonstrated a
more positive corrosion potential (Ecorr) and a lower corrosion current
density (Icorr). In particular, the TiO2-PTFE-2 coating exhibited the best
substrate protection by decreasing the Icorr of 316L SS by more than one
order of magnitude. These results also demonstrated that the combination of TiO2 and PTFE in coatings resulted in a synergistic eﬀect in
improving corrosion resistance, compared to the pure TiO2 or PTFE
coatings.

(1)

The balance between all possible interactions determines whether
or not the bacteria will attach on the surface: adhesion will take place
when ΔETOT is negative. In this model, all these interactions are dependent on the distance of separation (H) between the interacting entities (i.e. the bacteria and solid surfaces). Bacterial cells can fall into a
deep primary energy minimum at close contact and adhere irreversibly
[50]. In this study, the interaction energy ΔETOT as a function of separation distance (H) was calculated according to our previous studies
[25,51,52]. As shown in Fig. 7a and b, the values of interaction energy
reached a minimum when the separation distance was about 8 nm. The
minimal total interaction energies were then calculated and their eﬀects
on bacterial adhesion were also assessed. Fig. 7c and d show a strong
correlation between the total interaction energy ΔETOT at H = 8 nm and
bacterial adhesion. The number of adhered cells decreased linearly with
increasing total interaction energy ΔETOT, which is consistent with the
extended DLVO theory.

3.5. Cytotoxicity assay
The biocompatibility of a coating material is an essential aspect
with regard to potential clinical translation and cell culture studies are
usually the ﬁrst step to investigate the potential toxicity of these coatings [54]. In this study, the cytotoxicity of the samples to L929 mouse
ﬁbroblast cells was examined using a direct contact method. Firstly, the
inhibition ability of coatings to the growth of ﬁbroblast cells was
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investigated by the MTT assay. As shown in Fig. 9, following 24 h of coincubation, cell growth was not inhibited by 316L SS (93.0%), PTFE
(94.7%), TiO2 (92.7%), or TiO2-PTFE coated samples (98.1%). As the
incubation time increased, the cell viability for all samples showed a
slight decrease. Interestingly, after 72 h incubation, the biocompatibility of the samples showed a similar order to that found for corrosion
resistance, i.e. TiO2-PTFE > PTFE > TiO2 > 316L SS, indicating the
coatings combining TiO2 and PTFE not only improved the corrosion
resistance but also the biocompatibility.
The morphologies of L929 cells cultured with samples for 72 h were
also investigated by confocal microscopy. As displayed in Fig. 10, there
was no signiﬁcant diﬀerence in cell morphology between samples. In
order to further investigate cell adhesion on the coatings, cell
morphologies on samples were visualised using SEM after 72 h incubation (Fig. 11). It was found that all the samples were coated with a
vast number of ﬁbroblast cells with the cells being distributed homogeneously and adhering tightly to surfaces with dense ﬁlopodia which
could be beneﬁcial to cell proliferation. Moreover, cells on all the
surfaces tended to spread with a healthy ﬂattened shape. These results
further conﬁrmed that the TiO2-PTFE coating had no toxicity towards
the ﬁbroblast cell, making it a promising candidate as an antibacterial
and anti-corrosion coating for metallic implants.
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4. Conclusion
In this research, we have demonstrated a facile and cost-eﬀective
approach to produce TiO2-PTFE coatings for metallic implants by
combining a sol-gel coating technique and mussel-inspired surface
functionalisation. The PDA intermediate layer signiﬁcantly enhanced
the hydrophilicity of the substrate which further improved the coating
uniformity. The antibacterial and anti-adhesion properties against the
Gram-negative E. coli and Gram-positive S. aureus relied on the synergistic eﬀect between TiO2 and PTFE. The UV-activated TiO2 nanoparticles can inhibit bacterial growth and the surface energy of the
coatings can be modiﬁed to reduce bacterial adhesion by controlling
the PTFE and TiO2 contents. The TiO2-PTFE coatings were also proved
to have excellent corrosion resistance in Hank's solution and demonstrated improved biocompatibility as compared to the bare 316 LSS.
Further investigations are required to conﬁrm the anti-infection eﬀects
in clinical trials. The positive results obtained in this study make the
TiO2-PTFE coating a promising candidate for the development of novel
antibacterial and anti-corrosion coatings for metallic implants in the
future.
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