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This research aims to define a protocol for nisin adsorption onto Ti6Al4V- Extra Low Interstitial content (ELI)
alloy to reduce the risk of peri-implant infections. The substrate is, first, etched to get a nanotextured surface with
a high density of acidic hydroxyl groups and then functionalized with the antimicrobial peptide nisin. Nisin
adsorption is performed at different pH values, in the range of 5-7. The nisin release in inorganic solutions
mimicking physiological or pro-inflammatory conditions is tested. The surfaces are characterized by profilom-
etry, SEM/EDS, contact angle and surface free energy measurements, zeta potential titrations, DLS, XPS, and
UV-visible spectroscopy. Effective surface adsorption was achieved and maximized at pH 6. The coated surface
has high surface energy suitable for tissue integration and it releases nisin in a time longer than 1 day. As a
confirmation of the antibacterial properties due to the nisin adsorption, specimens were incubated with Staph-
ylococcus aureus, whose metabolic activity was reduced by =~ 70% in comparison to the untreated control, and the
number of viable adhered colonies was =~ 6 times reduced. In conclusion, coupling of nisin to a chemically

treated titanium surface is promising for a bioactive and antibacterial surface for tissue integration.

1. Introduction

Titanium and its alloys are optimal materials for orthopedic and
dental applications because of high biocompatibility, low toxicity, high
fatigue strength, and relatively low Young’s modulus as requested for
bone implants [1,2]. Nevertheless, titanium surfaces can be improved
with other interesting properties. Bioactivity and fast osseointegration
can be induced by either physical and/or chemical surface treatments.
Osteoconductive and osteoinductive surfaces can be imparted through
micro- and/or nano-roughness or tailored porosity, without altering the
bulk properties of titanium. Chemical and physical surface modification
can be induced by exploiting a wide range of techniques (etching,
sandblasting, plasma treatment, photolithography, laser or e-beam
texturing, freeze-casting), while plasma spray, electrochemical deposi-
tion, and sol-gel coatings are the main applied techniques for surface
coating [3-9]. The etched surface used in this research has a proven
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positive biological response and bioactive behavior [6,10].

Due to the evidence that bacterial infections are nowadays a major
reason for implant failure, it is requested to provide a significant anti-
bacterial (active) and/or antimicrofouling (passive) activity on bio-
surfaces for bone contact [6,10]. Antibacterial properties have become
of particular interest because of the increasing resistance that bacteria
are showing against antibiotics in the last years. The data collected by
the World Health Organization (WHO) in 2018 and 2019 demonstrate
how the rate of resistance of common bacteria, such as Escherichia coli,
Klebsiella pneumoniae and Staphylococcus aureus, reached respectively
92.9%, 79.4%, and 64.0% against the drug treatments routinely applied
in clinics (ciprofloxacin and methicillin) prior and after surgery [11].
This problem, mainly ascribable to the abuse and misuse of antibiotics,
is leading to the increasing difficulty to fight bacterial infections. As a
consequence, it is rapidly increasing the risk of local and systemic in-
fections after surgical operations and during hospitalization, which may
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cause the failure of the implant and its consequent removal, with serious
effects on the health of the patients [12]. Different strategies have been
tested in this context and different approaches can be implemented at
the same time to further increase the effectiveness of the antimicrobial
systems exploitable for implantable materials [13,14].

A first strategy consists of anti-adhesiveness (antimicrofouling):
surfaces are treated to prevent bacteria adhesion, thus inhibiting the
subsequent stratification that brings the drug-resistant 3D biofilm
conformation. In this view, it is possible to apply super-hydrophobic
surfaces, so that the anti-adhesion activity is implemented by the sur-
face’s physical and chemical properties [13,15,16]. Unfortunately, these
surfaces are usually not suitable for osseointegration. It is also possible
to get a nanostructured topography, through e-beam surface treatments
for example, able to discourage bacteria adhesion due to the impossi-
bility to adapt their cytoskeleton to the irregular surface nano-
topography [17,18].

The second approach consists instead of a bactericidal strategy:
bacteria can adhere to the surface, but their membrane is degraded by
pre-adsorbed antibacterial compounds, leading to the disruption of
bacteria themselves (anti-biofilm or anti-proliferation strategies). In this
way, the development of biofilm is strongly limited, so the risk of
infection is significantly reduced. It is possible to adsorb, graft, or
encapsulate either ions, pre-designed nanoparticles, or even bio-
molecules with intrinsic antimicrobial/bactericidal properties: in proper
concentrations, they have a targeted toxic behavior against bacteria, but
not against human cells. Among this class of biomolecules, antimicrobial
peptides (AMPs) have raised interest due to their high variety, their
ability to be grafted to various types of surfaces by exploiting different
mechanisms, and their wide antibacterial spectrum against both Gram-
negative and Gram-positive bacteria [14].

One of the most promising AMPs for designing antimicrobial surfaces
is nisin, already approved by the Food and Drug Administration (FDA)
and applied in the food industry as a natural food preservative per-
taining to its highly effective antibacterial properties and, at the same
time, its safety and biocompatibility [19]. Nisin is naturally produced by
bacteria appertaining to Lactococcus, Streptococcus, and Staphylococcus
species and it is classified as a class I bacteriocin, also referred to as a
lantibiotic. The chemical structure of nisin consists of a series of 34
amino acids (AAs) and it is characterized by the presence of multiple S-
bridges connecting some AAs to obtain polycyclic structures among the
molecule [19-21]. This molecule has a relatively low molecular mass
(lower than 5 kDa, generally ranging from 1.8 to 4.6 kDa), it is amphi-
philic, and it has a net positive charge (+4) at physiological pH [19-22].
Its antimicrobial activity is effective within a wide range of temperatures
(until around 100 °C, with an optimal stability around 25 °C in acidic
conditions) against a wide range of bacteria, mainly the Gram-positive
ones, and certain types of viruses and fungi [19-23]. The biological
activity of nisin covers also immunomodulatory properties [19].

Because of the discussed properties of nisin, recently it has started to
be studied as a grafted or adsorbed biomolecule on the surface of bio-
materials to limit bacteria adhesion, to induce bacteria death, also dis-
rupting eventual dangerous mutated cells [20], and, consequently, to
decrease the risk of infections and post-surgical complications. Various
techniques are currently studied — such as direct grafting, physical
adsorption, and covalent bonding through coupling agents — to graft an
adequate amount of biomolecule in a biologically active configuration
[24-27].

The authors have previously investigated nisin physisorption on the
polished titanium alloy Ti6Al4V with Extra Low Interstitial content
(Ti64ELID) in [28], as it was considered an interesting substrate for
musculoskeletal application. The low content of interstitials (0.12 wt%
of oxygen content against 0.20 wt% characterizing the more common
Ti6Al4V) increases toughness, resistance to corrosion, and crack prop-
agation [29]. Nisin was physisorbed on the polished substrate and
exercised an activity of inhibition of the formation of bacteria micro-
colonies (biofilm-like aggregates) [28]. However, because of inert
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surface, no bioactivity was observed inducing any osteoconductive ef-
fect. Furthermore, a limited amount of nisin was detected on the coated
surface, due to the low surface area and to the non-specific interactions
between the peptide and the material.

In the present study, the substrate was treated with a patented
chemical treatment [30] to obtain a surface able to induce apatite pre-
cipitation (bioactive), suitable for osseointegration, and with anti-
microfouling properties (low adhesion of bacteria) [6,31]. The graft-
ing of nisin to this specific substrate allows the combination of osteo-
genic and antibacterial properties on the same surface optimized for
bone contact permanent implants. Nisin direct grafting was introduced
on this substrate, exploiting its topography, high surface-to-volume
ratio, and the presence of a high density of functional groups (-OH) to
increase the amount of the linked peptide, with the intent to enrich the
surface with active antibacterial properties. A direct grafting procedure
was selected to avoid the use of any toxic linker. Finally, the ability of
the nisin-grafted surfaces to reduce the infection of the Staphylococcus
aureus pathogen was verified in comparison to the untreated controls.

2. Materials and Methods
2.1. Samples preparation

The considered substrate was Ti6Al4V with Extra Low Interstitial
content (Ti64ELI, provided by Titanium Consulting and Trading, Fire-
nze, Italy). The samples were 10 mm-diameter and 2 mm-thick discs,
obtained by transversally cutting a bar through a lathe. They were
successively polished with a series of SiC papers from 320 to 4000 grit
(P320, P500, P800, P1200, P2400, P4000) to obtain a surface with
controlled roughness. The polished Ti64ELI samples are referred to as
Mechanically Polished (MP). MP samples were sonicated once in 50 ml
of acetone for 5 min and then twice in 50 ml of ultra-pure water for 10
min, to remove any possible impurity, and dried under a laminar hood.
The chemical treatment was then applied, as previously described
[6,30], following a patented protocol which consists of an acid etching
with hydrofluoric acid (HF) to remove the native oxide, followed by
controlled oxidation in hydrogen peroxide (H202). The goal of this
treatment is the formation of a micro- and nanotextured titanium oxide
layer, rich in —~OH groups [6]. The so-obtained samples are referred to as
Chemically Treated (CT).

2.2. Surface activation

To optimize the nisin adsorption, the surface of CT samples was
activated through a 1-hour treatment by UV irradiation (UV-C 40 W,
253.7 nm) [32]. This process was applied to remove eventual contam-
inations from the atmosphere and adsorbed water molecules, and, in the
meanwhile, to promote the exposition of the -OH groups enhancing the
reactivity of the surface itself.

2.3. Nisin adsorption

Nisin A (Nisin Ready Made Solution; 20,000-40,000 IU/mL in 0.02 N
HCI, Sigma Aldrich) was diluted into ultra-pure water to obtain a solu-
tion with the final concentration of 1 mg/ml [24,33]. Three different pH
conditions (pH 5, pH 6, and pH 7) were then imposed for nisin
adsorption. The nisin solution (pH = 3.39 + 0.05) was so buffered by
adding dropwise 0.05 M NaOH buffer solution and, if needed, 0.05 M
HC], until the target pH value was reached. These three pH conditions
were selected with the rationale to avoid any risk of corrosion of the
substrate and to maximize the electrostatic attraction between the
molecule and the substrate (as explained in the Results section), and
were compared to optimize the adsorption process finding the most
efficient condition for adsorbing this polypeptide.

The three aforementioned pH values were selected, as successively
discussed in paragraph 3.3.1, as the conditions for which the charge
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difference between CT and the nisin solution was maximized. The
adsorption was then implemented in the pH range 5-7, where the nisin,
as confirmed by literature, still maintains its antimicrobial properties
[23]. The original pH of nisin solution was not considered because
soaking titanium in such acidic condition would lead to a strong
corrosion [34,35]. This could cause an uncontrolled variation in the
surface morphology and a significant damage to the textured oxide layer
obtained by previous etching.

Each CT sample, after having been UV-activated, was then placed
into a 24-well plate; 1 ml of the diluted nisin solution, at the imposed pH
condition, was added to completely cover the surface and the samples
were incubated for 24 h at room temperature. After this time, each
sample was removed, rinsed in ultra-pure water, and dried under the
laminar hood. The samples with adsorbed nisin at the three pH condi-
tions are referred to as CT Nisin5, CT Nisin6, and CT Nisin7,
respectively.

To have a reference, three control CT samples were parallelly pre-
pared, UV-activated, and soaked in ultra-pure water previously buffered
at the three pH conditions (pH 5, pH 6, pH 7), following the protocol for
nisin adsorption, but without any nisin addition into the solution. The
control samples are referred to as CT ctrl5, CT ctrl6, and CT ctrl7,
respectively.

The three as-prepared nisin solutions (pH 5, pH 6, pH 7) and all the
uptake solutions (either with nisin, for the adsorption, or without nisin,
for the control), from which the CT samples were extracted after soak-
ing, were then analyzed by measuring their pH through a pHmeter (Edge
pH, HANNA Instruments). All the measurements were made in
triplicate.

2.4. Physical-chemical characterization

2.4.1. Contact profiler and confocal microscopy

To quantify the surface roughness of samples, a contact profiler
(Talysurf Intra Touch, Taylor Hobson) and a confocal laser scanning
microscope (LSM 900, Zeiss) were utilized. Both MP and CT were
analyzed to be compared. With the contact profiler, (5x5) mm? areas
were acquired, while, through the confocal microscope, the considered
areas were (250x250) um>. The experiment was made in triplicate. The
data acquired through both instruments were successively processed
with the same protocol. Utilizing the AnalysisTool software, the images
were un-tilted and filtered by applying in series a high-pass filter with a
cut-off wavelength of 8 um for the waviness, and a low-pass filter with a
cut-off wavelength of 250 um for the roughness. The parameters of in-
terest, the superficial roughness (Sa), root mean square height (Sq),
skewness (Ssk), and kurtosis (Sku), expressed in nm, were eventually
extracted according to the normative DIN EN ISO 4287 and DIN EN ISO
4288.

2.4.2. Field emission scanning electron microscopy — Energy dispersive
spectroscopy (FESEM/EDS)

FESEM/EDS (FESEM - SUPRATM 40, Zeiss) was used to observe the
surface of both MP and CT samples. The images were acquired at two
different magnifications, respectively 60kx and 150kx. The electron
high tension (EHT) voltage was set at 10 kV. The observations were
made in triplicate. The EDS analysis was carried on to quantify the
amount (expressed as an atomic percentage, atomic %) of titanium (Ti),
aluminum (Al), vanadium (V) and oxygen (O). The electron high tension
(EHT) voltage was set at 15 kV for the EDS analysis. Three areas per each
image were randomly selected and the atomic content of the elements of
interest was measured.

2.4.3. UV-Vis spectroscopy

An UV-spectrophotometer (UV2600 Shimadzu) was utilized to
analyze both nisin solutions and solid samples. Concerning liquid sam-
ples, the measurements were carried out to evaluate the absorbance
spectrum of each considered solution within the wavelength range of
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190-750 nm. Concerning solid samples, the reflectance spectrum in the
same range was recorded through an integration tool (ISR-2600Plus, a
two-detector integrating sphere). All the measurements were made in
triplicate.

2.4.4. Contact angle analysis and surface free energy calculation

Static contact angle measurements were performed by means of a
FTA 1000C instrument, equipped with a video camera and image
analyzer, at room temperature. Three probe liquids were used: ultra-
pure water, hexadecane, and ethylene glycol (all from Sigma Aldrich,
St. Louis, USA), whose surface tension is 72.1 mN/m, 28.1 mN/m, and
48.8 mN/m, respectively. Three measurements were performed on each
sample, placing the liquid drops in different parts of the sample surface:
the mean value and the error were determined. The overall surface en-
ergy, as well as its polar and dispersive components, were calculated by
the Owens-Wendt geometric mean method [36] using the contact angle
values measured with water and hexadecane.

2.4.5. Zeta potential and dynamic light scattering (DLS) analysis

Zeta potential analysis was performed on both nisin solutions and
solid samples.

Concerning solid samples, zeta potential titration curves were ac-
quired by an electrokinetic analyzer (SurPASS 2, Anton Paar). Using the
adjustable gap cell for discs, two samples of the same type were paral-
lelly placed at a distance of about 100 pm, inserted into the instrument,
and the zeta potential was measured as a function of pH, while the
electrolyte (1 mM KCl solution), buffered by an automatic titration unit
utilizing 0.05 M HCI and 0.05 M NaOH solutions, was flowing between
them. Two different couples of samples were used for respectively
evaluating the acidic and the basic range, properly rinsing the instru-
ment between the two measurements, after having placed the new
couple of samples. The titration started at pH 5.5 for both the pH ranges
and the automatic titration unit added the buffer solutions for each of
the total 15 buffering steps (the explored pH range is between pH 2.5 to
10). For each pH value, three zeta potential values were measured and
averaged.

Concerning liquid samples, the nisin solution was analyzed by
acquiring a zeta potential titration curve by an electrophoretic analyzer
(Nanosizer Nano Z, Malvern Instrument, Malvern). Nisin was dissolved
in the electrolyte (1 mM KCl) to obtain a 1 mg/ml solution (corre-
sponding to the concentration utilized for adsorption on CT samples).
The electrolyte was then buffered with 0.05 M HCl and 0.05 M NaOH
solutions, respectively, to totally have 8 solutions in the pH range 3-9.
Through the same measurement, the hydrodynamic radius was also
measured.

The isoelectric point (IEP) was finally extracted as the intersection
between the titration curve and the abscissa axis or calculated by
interpolation.

2.4.6. X-ray photoelectron spectroscopy (XPS)

XPS analysis (XPS, Kratos, Axis UltraP'? spectrometer) was per-
formed on reference (MP, CT, CT ctrl5, CT ctrl6, CT ctrl7) and coated
samples (CT Nisin5, CT Nisin6, and CT Nisin7). On each surface, 3
different areas (300x700 pmz each) were stochastically selected and, for
each of them, both the survey scan (0-1200 eV) and high-resolution
spectra on selected elements (Ti 2p, 0 1s,C1s, N 1s, S 2p) were ac-
quired, respectively at pass energy of 160 eV (energy step = 1 eV) and
pass energy of 20 eV (energy step = 0.1 eV). All the analyses were run
using a monochromatic Al Ka source (hv = 1486.7 eV), operated at 20
mA and 15 kV. To compensate for the charging effect, the Kratos charge
neutralizer system was utilized. The reference of all the spectra was
implemented setting the hydrocarbon C 1 s peak at 284.80 eV. Spectra
were processed by CasaXPS software (version 2.3.24) [37].

2.4.7. Release tests
To evaluate the stability of the nisin adsorbed on CT Nisin6, a release



V. Alessandra Gobbo et al.

test in function of time was assessed. CT Nisin6 was selected as the most
efficiently coated surface, according to the zeta potential analysis, for
the optimized properties, as more deeply explained in paragraph 3.3.1.
The eventual release of the polypeptide was studied by soaking the
material of interest for 7 days. Two solutions were considered:
phosphate-buffered saline (PBS tablet, Sigma-Aldrich), for mimicking a
physiological condition, and an acidic solution containing hydrogen
peroxide (referred to as Ho03), for simulating a pro-inflammatory con-
dition. Hydrogen peroxide (30% w/v, PanReac Applichem) was added
to PBS to reach a concentration of 0.05 M and then buffered with HCI to
pH 4.5 [38]. Each sample of interest (CT Nisin6) was immersed in 5 ml of
the respective solution and, parallelly, control samples (CT ctrl6) were
soaked in the same conditions, as a reference. At the end of the soaking,
the samples were gently washed in ultra-pure water. The wettability of
the surfaces was evaluated after 1 day and 7 days by contact angle
analysis utilizing the sessile drop method (Kruss DSA 100). A 5 ul drop of
ultra-pure water was gently placed on the surface of interest, the soft-
ware associated with the instrument (Drop Shape Analysis) automati-
cally recorded the left and the right angles and the average was given in
the output.

2.4.8. Antibacterial properties evaluation

2.4.8.1. Strain growth condition. Bacteria were purchased from the
American Type Culture Collection (ATCC, Manassas, USA). Specimens’
antibacterial properties were assayed towards the methicillin/oxacillin
(MRSA) resistant Staphylococcus aureus strain (Gram-positive, ATCC
43300). Bacteria were cultivated in Trypticase Soy agar plates (TSA,
Sigma-Aldrich) and incubated at 37 °C until round single colonies were
formed; then, 2-3 colonies were collected and spotted into 15 ml of
Luria Bertani broth (LB, Sigma-Aldrich) and incubated overnight at
37 °C under agitation (120 rpm). The day after a fresh broth culture was
prepared before the experiments by diluting bacteria into a fresh me-
dium to a final concentration of 1 x 10° bacteria/ml, corresponding to
an optical density of 0.00001 at 600 nm wavelength using a spectro-
photometer [39] (Spark, from Tecan, Switzerland).

2.4.8.2. Bacterial metabolism, number, and morphology evaluation. The
International Standard ISO 22196 was applied to evaluate specimens’
antibacterial properties [40]. Accordingly, the specimens (CT Nisin6, CT
Nisin3 and non-functionalized CT — CT ctrl, considered as control) were
located into a 24-multiwell plate; then, 50 pl of the bacterial suspension
adjusted at a final concentration of 1 x 10° bacteria was directly
dropped onto the specimens’ surfaces. To compare the antimicrobial
properties of nisin when adsorbed on the substrates at pH = 6 with the
activity of nisin at the original pH conditions, the samples prepared with
the pH = 3 nisin stock solution were also evaluated for their ability in
preventing bacterial colonization.

The inoculated specimens were placed in an incubator at 37 °C for
24 h. Afterward, the colorimetric Alamar blue assay (AlamarBlue™, Life
Technologies) was applied to test viable bacteria metabolic activity by
spectrophotometry following the manufacturer’s instructions. Briefly,
the ready-to-use Alamar solution at concentration 0.0015% in PBS was
added to each well containing the test specimen (1 ml per specimen),
and the plate was incubated in the dark for 4 h at 37 °C allowing resa-
zurin dye reduction into fluorescent resorufin upon entering living cells.
Then, 100 pl were spotted into a black-bottom 96-well plate to minimize
the background signal. The metabolic activity of bacteria was measured
via spectrophotometer (Aex = 570 nm and A, = 590 nm), and the results
were presented as Relative Fluorescent Units (RFU).

Then, to investigate the number of viable bacteria adhered on the
samples’ surface the Colony Forming Unit (CFU) count was performed.
Briefly, after washing 2 times with PBS to remove non-attached bacterial
cells, the samples were submerged into 1 ml of PBS, sonicated and
vortexed for 5 min and 30 s, respectively (three times). Next, an aliquot
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of 200 ul of the bacteria suspension was collected and transferred to a
new 96 wells plate; here, 6 serials 1:10 dilutions were performed by
mixing progressively 20 ul of the bacterial suspension with 180 pl of
PBS. Then, 20 pl of each serial dilution were spotted into a LB agar plate
and incubated for 24 h until round colonies were visually checked; the
final number of CFU was calculated by using the following formula [41]:

CFU = [ (number of colonies x dilution factor) (serial dilution) ].

Finally, Scanning Electron Microscopy (SEM, JSM-IT500, JEOL)
imaging was used to investigate the morphology of bacteria grown onto
specimens’ surfaces; briefly, specimens were dehydrated by the alcohol
scale (70-90-100% ethanol, 1 h each), swelled with hexamethyldisila-
zane, mounted onto stubs with conductive carbon tape and covered with
a gold layer. Images were collected at different magnifications (2000X
and 5000X) using secondary electrons.

2.5. Statistical analysis of data

Experiments were performed in triplicate. Results were statistically
analyzed using the SPSS software (v.20.0, IBM, USA). Groups were
compared by the one-way ANOVA using the Tukey’s test as a post-hoc
analysis. Significant differences were established at p < 0.05.

3. Results
3.1. Physical-chemical characterization of the MP and CT samples

3.1.1. Profilometer and confocal microscopy

Roughness and topography of CT and MP were measured both with a
contact profiler and a confocal laser scanning microscope (Fig. 1). Both
techniques confirmed a significant increase in roughness of the substrate
after the chemical treatment. The topographical parameters are reported
in Table 1.

The optical way of measurement of the confocal microscope is more
accurate at the nanoscale than the contact one, that characterizes the
contact profiler, which is instead accurate at the microscale. Because of
this, the two techniques can be considered complementary, since they
highlight different features. The increase in surface roughness charac-
terizing the CT samples, registered both by the profilometer and
confocal microscope (Sa values, Table 1), can be attributed to the micro-
and nanostructuring induced by etching, confirming the successful
surface treatment [6]. The CT surface has a lower roughness than the
average of commercial implants, but it has been proven that it is bene-
ficial for the biological response and a lower roughness is preferred in
terms of high fatigue resistance and low biofilm formation [6,42].

After the chemical treatment, the surface also shows a higher root
mean square (Sq) deviation. The Sq/Sa ratio on MP and CT is respec-
tively 1.3 and 1.4 Considering that a reference value of 1.25 refers to a
Gaussian shape of the surface features, a sharper shape is expected for
the investigated samples, as the Sq/Sa value is higher. Sku values are
always higher than 3, confirming an overall spiked distribution with a
significant increase on CT, suggesting a more spiked distribution after
etching. The obtained values are in line with what reported as optimal
for the surface morphology of HF treated titanium surfaces for
osseointegration even if the absolute value of roughness is lower [43].
Considering the Ssk values, the height distribution is skewed above the
mean plane before etching (0.988) and it is the opposite on the treated
sample (-1.18) according to the presence of porosity. All the investigated
topographical parameters associated with CT agree with the presence of
a porous oxide layer and nanometric dimples induced by etching [6].
The presence of this topography on the CT surface is of interest to
enhance the physical entrapment of the polypeptide during the
adsorption process.

3.1.2. Field emission scanning electron microscopy — Energy dispersive
spectroscopy (FESEM/EDS)
FESEM was performed on the CT samples to observe the micro- and
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Fig. 1. Roughness and topography analysis by confocal microscope of the surface of (A) MP and (B) CT.

Table 1
Topographical parameters - Sa and Sq (expressed in nm) and Ssk and Sku values
— of MP and CT evaluated through contact profiler and confocal microscope.

SAMPLE Ti64ELI

Contact profiler Confocal microscopy

Sa values (nm)

MP 39.6 38.4
CT 56.2 74.7
Sq values (nm)

MP 53.4 51.1
CT 73 104
Ssk values

MP - 0.988
CT - -1.18
Sku values

MP - 5.1
CT - 22.2

nanoscale morphology of the substrate. The MP samples were observed
as control. In Fig. 2, the images of MP and CT surfaces obtained by
FESEM are reported, at two different magnifications (60kx, 150kx).
While MP is characterized by a smooth surface, on which it is
possible to see some irregularities due to mechanical polishing, a uni-
form micro- and nano-textured surface is clearly visible on the CT
samples. The surface has a multiscale roughness which can contribute to
a successful absorption of nisin. The roughness at the microscale
(observed in Figure B.1 as smooth ridges and valleys of about 1 um
apart) is due to chemical etching in HF. A porosity with few nanometers-
sized pores is due to oxidation in hydrogen peroxide and it covers the

whole surface of the samples. These observations are in agreement with
roughness analysis and it has been proven that a micro- and nano-
roughness is beneficial for osseointegration [6].

Furthermore, the atomic percentage of the elements was analyzed
before (MP) and after (CT) the chemical treatment, through EDS anal-
ysis. The results are reported in Fig. 3.

EDS shows a significant difference in the chemical composition of
Ti64ELI after etching. The atomic percentage of titanium (Ti) is drasti-
cally reduced from 63% to 40%, while the content of oxygen (O) in-
creases around twice (from 27% to 54%). This result highlights the
higher thickness of the titanium oxide layer on CT, compared to the
native one on MP, due to the chemical treatment. The characteristics of
the obtained surface oxide layer on CT are the same as already published
by the authors on a Ti6Al4V alloy grade 5 [6] in terms of chemistry,
roughness, and topography. It means that even if Ti6Al4V ELI grade has
a different corrosion resistance from grade 5, the surface properties of
CT are analogue. Because of this, the authors assume that all the surface
properties of Ti6Al4V ELI are the same as Ti6Al4V alloy grade 5, more
deeply investigated by the authors in previous works [6]. The presence
of a thicker (around 180 nm) and continuous oxide layer on the CT
surface is here of interest to guarantee good corrosion resistance during
the adsorption process and implantation life, as well as to enhance the
grafting ability of the polypeptide [6].

3.2. Characterization of the nisin solutions

The nisin solutions (1 mg/ml) were analyzed by UV-Vis spectroscopy
before performing nisin adsorption on CT samples. In Fig. 4(A), the
absorbance spectra of the nisin solutions at different pH values are
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Fig. 2. FESEM images of the surface of the MP samples with (A.1) magnification 60kx, (A.2) magnification 150kx, and of the surface of the CT samples with (B.1)
magnification 60kx, (B.2) magnification 150kx. The scalebar corresponds to 200 nm on all the panels.
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Fig. 3. EDS analysis of Ti64ELI samples before (MP) and after (CT) the
chemical treatment. The chemical composition is expressed as atomic per-
centage (Atomic %).

reported (the original pH of the stock solution and the three imposed
values pH 5, pH 6, and pH 7). In accordance with the literature, the main
peak is observed at 250 nm in the aqueous solutions at the imposed pH
values in the range of 5-7. This peak can be ascribed to free nisin,
confirming the proper dissolution of the polypeptide in these solutions
[44,45]. A shoulder superimposed to the main peak is detectable at
around 270-280 nm and can be attributed to the spontaneous formation

of some small nisin nanoparticles [45]. All the solutions show a com-
parable absorbance value at 270-280 nm; the solution at pH 5 has a
slightly lower intensity that is not significant. No red or blue shift of the
peak at 270-280 nm is evident confirming that in these solutions the
dimension of the nanoparticles is comparable.

The aqueous nisin solution (1 mg/ml) was characterized by a zeta
potential titration curve (Fig. 4(B)), investigating its zeta potential for a
wide range of pH values (from 3 to 9) in a KCl solution diluted to 1 mM
(low ionic strength). The isoelectric point (IEP) was detected at 7.5,
dividing the curve into two main branches. At alkaline pH (higher than
7.5) the negative charge of AAs is prevalent, mainly due to the depro-
tonation of carboxylic groups. In the acidic range, AAs has a net positive
charge. The absolute value of zeta potential is not higher than 12 mV for
both the basic and acidic range, which means that the nisin net charge in
the investigated condition is not strong. A low net charge value of nisin
is also reported in [46]. From a theoretical calculation, the IEP of nisin is
expected to be 8.8 [47]; the difference can be explained considering the
low absolute value of the registered zeta potential and high sensitivity of
zeta potential to the ionic strength of the solution.

Through the DLS measurements (Fig. 4(C)), the hydrodynamic
diameter of nisin in aqueous solutions (1 mg/ml) at different pH was
also measured. The hydrodynamic diameter is about 400-600 nm at pH
between 3 and 7, while it grows up to 1.2 pm above pH 8, indicating that
the colloidal suspension becomes less soluble, as expected, around the
IEP. Low solubility is maintained above the IEP probably because
degradation of nisin occurs in an alkaline environment [48].

According to the results obtained from the zeta potential titration
curve, it was decided to perform the adsorption processes at pH 5, 6, and
7. In this range nisin has an overall positive charge, with an increasing
amount of deprotonated carboxylic groups and zwitterionic form mov-
ing towards pH 7. Any alkaline pH was excluded since, according to the
measured hydrodynamic diameter of nisin in aqueous media, the
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Fig. 4. Characterization of 1 mg/ml nisin solutions by (A) UV-Vis spectroscopy, (B) zeta potential analysis, and (C) hydrodynamic diameter of nisin, measured by
DLS analysis, in aqueous solution (1 mM KCl) as a function of pH. (D) pH values of the buffered nisin solutions, nisin uptake solutions, and control uptake solutions
(CT soaked in buffered solutions without nisin) at pH5, pH6, and pH7, respectively.

colloidal suspension becomes unstable; no pH value below 5 was used to
avoid corrosion of the metal substrate.

The pH value of the nisin solutions has been measured before and
after having soaked the CT samples (Fig. 4(D)). The pH values of the
control uptake solutions, in which the CT samples were soaked in a
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buffered solution without nisin (as described in paragraph 2.3), are also
reported as a reference. Analyzing the histogram, it is possible to
appreciate that the differences are small and ascribable to environ-
mental reasons (such as CO; dissolution), rather than to any significant
change occurring during the adsorption process, considering that the
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Fig. 5. (A) Zeta potential titration curves of Ti64ELI before (MP) and after (CT) the chemical treatment and of CT after UV activation. (B) Zeta potential titration
curves of Ti64ELI before (CT) and after (CT Nisin5, CT Nisin6, CT Nisin7) nisin adsorption; the zeta potential titration curve characterizing the nisin solution (1 mg/

ml) is also reported.
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controls follow the same trend as the uptake solutions.

3.3. Characterization of the nisin-coated samples

3.3.1. Zeta potential analysis

The surface zeta potential was measured on the CT samples both
before and after UV activation and compared to MP as a control (Fig. 5
(A)). In Fig. 5(B), the zeta potential titration curves of CT before and
after nisin adsorption are reported. In Table 2, the IEP values of each
surface of interest and nisin solution are shown.

The effects of the chemical treatment on the surface are evident by
observing the shape and IEPs of the titration curves. The IEP detected on
the MP samples (pH = 4.4) is in accordance with literature for the
standard titanium alloy Ti6Al4V: it is the typical value of a surface with
almost no functional groups with a strong acid-basic reactivity [49,50].
The chemical treatment induces a shift of the IEP down to 2.2 on the CT
samples, attributable to the presence of functional groups with a strong
acidic behavior. The CT samples are also chemically stable in a wide
range of pH, as appreciable by the low standard deviation characterizing
each point of zeta potential and as expected because of the formation of
a thicker oxide layer: this is of relevance considering that pH can change
from 7.4 down to 4.5 in vivo at the inflammatory conditions [51]. The
absence of corrosion phenomena is also important during the process of
functionalization.

The CT curve is characterized by a lower slope of the curve around
the IEP than the MP one, which is related to higher hydrophilicity: the
water molecules are strongly adsorbed on the CT surface and not easily
replaced by the ions in solution (hydroniums or hydroxyls) by changing
pH. The CT curve stabilizes in a plateau around —45 mV at pH 5-6 and
remain almost constant in the whole basic region. All the described
phenomena (IEP shift, high hydrophilicity, and the plateau in the
alkaline range) can be explained by the exposition on the surface of a
high amount of hydroxyl groups with strong acidic behavior, which are
progressively deprotonated at pH 2-6 and completely deprotonated at
higher pH [31,50]. These groups can be exploited for nisin grafting, as
discussed in the following. Furthermore, the CT samples maintain the
same behavior even after UV irradiation, excluding a slightly higher IEP
due to the exposition of some hydroxyl groups with a basic chemical
behavior. At the pH values selected for nisin adsorption, the CT substrate
has a net negative surface charge and, at least, partially deprotonated
—-OH groups, while nisin has an overall positive charge. With these
conditions, an electrostatic attraction can be predicted between the
substrate and the biomolecule.

A significantly different shape of the titration curve and shift of IEP
toward higher values is evident after nisin adsorption, compared to CT.
The IEPs of the functionalized surfaces do not match that of nisin in
solution: at this stage, this phenomenon can be ascribed to incomplete
coverage of the surface.

CT Nisin5, CT Nisin6, and CT Nisin7 have all an intense positive
charge on their surface in the strongly acidic range (zeta potential rea-
ches values around 30 and 50 mV at pH 3, while the values for CT are

Table 2

IEPs characterizing Ti64ELI before (MP) and after (CT)
the chemical treatment, CT after UV activation and
after nisin adsorption (CT Nisin5, CT Nisin6, CT
Nisin7). IEP of nisin solution (1 mg/ml) is also

reported.

IEP
MP 4.4
CT 2.2
CT (after UV) 2.7
CT Nisin5 4.5
CT Nisin6 4.5
CT Nisin7 4.6

Nisin solution 1 mg/ml 7.5
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around —15 and —10 mV), suggesting the successful adsorption of the
polypeptide and the fully protonated state of the amino (and carboxylic)
groups at low pH, as expected. In the alkaline range, the surface zeta
potential of the coated samples is different (milder) than CT, ulteriorly
confirming the presence of nisin adsorbed on the surface.

The different slope of the titration curve of the functionalized sur-
faces with respect to the polypeptide in an aqueous solution (Fig. 5(B))
can be ascribed to a higher hydrophobicity of the grafted polypeptide
with respect to the native polypeptide in solution: the exposition of the
hydrophilic moieties of the grafted polypeptide can be assumed to be
towards the surface and the hydrophobic ones towards the solution.
Looking at the primary structure of nisin, we can hypothesize that the
un-polar and hydrophobic amino acids (like alanine, glycine, proline,
valine, methionine, isoleucine, leucine), normally buried inside the
polypeptide core, could be exposed outermost after the functionalization
process. The opposite could occur for the polar (serine, asparagine) and
charged (lysine, histidine) amino acids, which are expected to be
attracted by the substrate surface [52].

Furthermore, it is possible to see some significant differences be-
tween the functionalized samples prepared at different pH values. CT
Nisin6 samples show a different curve mainly in the acidic range: this
difference can be due to a lower amount, or different orientation, of the
grafted polypeptide with respect to the other samples. CT Nisin5 and CT
Nisin7, instead, show a stronger and comparable zeta potential with no
statistical difference in the acidic range. The curves of CT Nisin5 and CT
Nisin7 are both characterized by an unstable behavior in this range, as
the high standard deviations of zeta potential suggest, while CT Nisin6
has low standard deviations, and it is much more stable. This feature can
be related to different stability of the bond between the surface and the
grafted polypeptide. A less stable electrostatic interaction can be
assumed in the case of the functionalization performed at pH5 and 7. An
attempt of explanation is here reported. On one hand, the -OH groups on
the CT surface are not completely deprotonated at pH 5 and, on the other
hand, the zwitterionic form of the polypeptide is almost prevalent at pH
7 with a lower net charge of the molecule. In both cases, the electrostatic
attraction between the substrate and biomolecule can be supposed to be
weaker. Differently, the difference in the surface charge is expected to be
maximized at pH 6 with a more stable grafting through electrostatic
attraction. It is because of the maximized electrostatic interaction that
CT Nisin6 was selected for further release and antibacterial analyses.

3.3.2. X-ray photoelectron spectroscopy (XPS)

To compare the presence of nisin on the different surfaces and
quantify the elements of interest on each surface, XPS analysis was
performed on CT, CT ctrl5, CT ctrl6, CT ctrl7, CT Nisin5, CT Nisin6 and
CT Nisin7. In Table 3, the composition of the considered surfaces is re-
ported, and the high-resolution spectra of C, N, O, and S acquired on the
functionalized samples CT Nisin5, CT Nisin6, and CT Nisin7 are
compared to those acquired on CT in Fig. 6.

All the acquired spectra show the presence of Ti and O, the elements

Table 3
Composition of the surface of each sample by XPS. The results are expressed as
atomic percentages (at%).

Sample O (at C (at N (at Ti (at Al (at S (at Ca (at
%) %) %) %) %) %) %)
CT 53.1 20.7 2.0 21.6 2.6 0.0 0.0
CT ctrl5 42.8 38.7 1.3 14.3 2.8 0.0 0.0
CT ctrl6 54.8 18.6 2.1 21.9 2.5 0.0 0.0
CT ctrl7 51.9 229 1.3 19.9 2.9 0.0 1.1
CT 32.4 49.9 7.8 8.4 0.9 0.4 0.3
Nisin5
CT 33.5 46.5 8.4 9.7 1.0 0.8 0.2
Nisin6
CT 30.5 51.0 7.3 8.2 1.3 0.9 0.7
Nisin7
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Fig. 6. High-resolution spectraof (A)C1s, (B)N 1s,(C)O1s,and (D) S 2p acquired on CT, CT Nisin5, CT Nisin6, CT Nisin7 by XPS analysis. The binding energy (B.

E.) is expressed in eV and the relative area in arbitrary units.

of the oxide layer characterizing the CT samples. C, N, and S, which are
the elements of the nisin molecule, have a significant increase on the
functionalized samples (CT Nisin5, CT Nisin6, CT Nisin7), confirming
the presence of the polypeptide on the functionalized samples. C and N
are also present in the spectra of the control samples (CT, CT ctrl5, CT
ctrl6, and CT ctrl7 - not reported), nevertheless with a significantly
lower intensity with respect to the functionalized samples, assigned to
adventitious impurity adsorbed from the atmosphere or solutions, al-
ways present onto titanium surfaces [53,54]. The fact that the signal
attributed to Ti is still detectable after nisin adsorption could be
explained either by a partial surface coverage or by a homogeneous, but
very thin nisin layer, with a thickness below 5-10 nm [55].

The successful adsorption of nisin is also appreciable by the signifi-
cant modifications of the high-resolution spectra acquired on the sur-
faces before (CT) and after nisin adsorption at the three considered pH
conditions (CT Nisin5, CT Nisin6, CT Nisin7). After nisin adsorption
(Fig. 6(A)), an intense C 1 s peak at (286.2 + 0.2) eV appears, which is
attributed to the presence of C-O/C-N and C = O bonds [25]. Further-
more, the presence of the component at (288.2 + 0.2) eV, characteristic
of carbon in peptide bonds (O=C-N), ulteriorly confirms the presence of
nisin on the surface and the effective adsorption which cannot be
confused with other adventitious organic contaminants [26,27].

The overall content of nitrogen (Fig. 6(B)) increases after nisin
adsorption, as indicated by the increased intensity of N 1 s peaks at
(400.1 4 0.2) eV and (401.9 £ 0.2) eV, attributed to neutral amine NHy

and protonated amine NH3 groups, respectively [56]. The relative
amount of NHj groups is higher in the CT Nisin6 sample, revealing a
specific type of bonding of the polypeptide, at this pH, through the
charged amino groups. The presence of the positively charged functional
groups is of interest because nisin exercises its antimicrobial activity by
electrostatically interacting through these groups with the cell wall
precursor lipid II, which is bound to the cytoplasmatic membrane of the
target bacteria. This interaction alters the equilibrium of the membrane
of the bacterium and induces the formation of pores, which leads to the
death of the micro-organism [21].

The presence of the adsorbed layer on the nisin-coated samples as a
non-covering layer is confirmed by the profile fitting of the oxygen re-
gion (Fig. 6(C)). The peak due to the Ti-O bond of the titanium oxide
layer, always observable at (530.1 + 0.4) eV, has a lower intensity on all
coated samples, as expected. The peak at (531. 6 + 0.4) eV can be
attributed both to the —OH functional group of CT and also to the
peptidic bond in the case of the coated samples.

Concerning S 2p (Fig. 6(D)), this element is not detectable on CT,
while the spectra acquired after nisin adsorption can be interpreted
assuming the presence of three different sulphur states. Each S chemical
state is fitted with a doublet of peaks, separated by 1.2 eV and with a
ratio of 2:1 between the so-called 3/2 (component at lower binding
energy) and 1/2 (component at higher binding energy) components. The
main one, with S 2p3,, centered at (163.6 + 0.2) eV, is attributed to the
thiol -SH groups which are present in the molecular structure of AAs
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constituting nisin [26]. The others are characterized by S 2p3,, centered
at (166.1 + 0.2) eV and (168.2 + 0.2) eV; both are symptomatic of
oxidation of the thiol groups to sulphonyl and sulphonate groups,
respectively [57].

As last, the presence of calcium ions on the functionalized surfaces is
in line with previous observations [31] and suggests that it has a role in
the functionalization mechanism as a linker between the negatively
charged functional groups of CT and nisin. This is different from what
observed after functionalization with nisin of mechanical polished
Ti6Al4V-ELI where the substrate has not such a high density of depro-
tonated functional groups and physisorption instead of chemisorption
occurred [28].

3.3.3. Surface free energy calculation

Surface free energy was calculated on the surface of Ti64ELI before
(MP) and after (CT) the chemical treatment, and after nisin adsorption at
pH6 (CT Nisin6). For this characterization, the surface coated with nisin
at pH6 was selected according to the previous results. The values of the
total surface energy (y), together with its dispersive ¥4 and polar y?
components, are reported in Table 4.

Comparing MP and CT, it is clear that the chemical treatment is
inducing an increase in the total surface free energy of the substrate,
which is mainly due to the higher polar component characterizing CT,
while the dispersive component remains constant. This is in accordance
with the zeta potential analysis, which highlighted the presence of hy-
droxyl groups on the CT surface, the main cause of a more hydrophilic
surface and, consequently, a higher polar component. After nisin
adsorption, no significant difference was detected, since comparable
values of y, yP, and y¢ are observed on the substrate both before (CT) and
after (CT Nisin6) nisin adsorption. This is of relevance because a
threshold of 40 mN/m is reported as a general rule for cell adhesion on
surfaces and tissue integration: hydrophobic surfaces with lower surface
energy are usually cytotoxic, while hydrophilic surfaces with higher
surface energy are usually suitable for tissue integration, and surfaces
with surface energy just at the threshold value are nor cytotoxic neither
adhesive for the cells (e.g. osteoblasts) [58,59].

CT substrate both before (CT) and after (CT Nisin6) nisin adsorption
has proven to show a super-hydrophilic behavior (contact angle with
water of (4.5 + 0.9)° and (7.1 + 1.6)° for CT and CT Nisin6, respec-
tively). Interestingly, the same behavior was observed also towards
organic solvents (e.g., hexadecane and ethylene glycol), characterized
by different polarities and surface tensions. The contact angles of CT and
CT Nisin6 are in fact (3.7 &+ 0.4)° and (4.6 + 0.3)° for hexadecane, (4.2
+ 0.7)° and (5.4 + 0.5)° for ethylene glycol, respectively. This is of
relevance considering that the simulated and real physiological fluids
have lower surface tension than water (as low as 55 mN/m) and that
good wettability by physiological liquids is required for tissue integra-
tion [60]. In conclusion, the nisin-coated surface here developed can be
supposed to be suitable for integration with the biological tissues.

3.3.4. Characterization after the release tests

The eventual release of nisin from the coated surfaces during soaking
in two solutions, respectively mimicking the physiological and pro-
inflammatory conditions, was tested. A surface nisin-coated at pH6
has been selected according to the previous results. The eventual

Table 4

Surface energy 7, and its dispersive y¢ and polar y® components, of the surface of
chemically treated Ti64ELI before (CT) and after nisin adsorption (CT Nisin6).
MP is reported as a control.

Surface energy (mN/m)

Y 7 P
MP 557 +1.3 27.4+0.1 283413
cT 73.0 £ 0.1 27.4+ 0.0 45.6 £0.1
CT Nisiné 72.7 £ 0.3 27.4+ 0.0 453403
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presence of nisin on the surface after the release tests was tested through
contact angle analysis. The results are reported in Table 5. Control
samples (with no nisin adsorption) soaked in the same conditions have
been also tested as a reference.

As a general trend, the soaking in both the solutions induces a higher
wettability on all surfaces with a decrease of the contact angle after
soaking. The nisin-coated samples shows a lower decrease of the contact
angle with respect to the control after soaking for 1 day in both the
solutions evidencing that nisin is still present on the surface, at this time
point. The control and coated surfaces acquire a similar (reduction of
63% vs 100%) or identical (contact angle 0°) wettability after 7 days of
soaking in PBS or Hz0s. It can be assumed that the release is almost
complete at this stage. This behavior is significantly different from that
of polished and functionalized Ti6Al4V-ELI alloy as reported in [28]
where the change in contact angle after the release test, compared to the
functionalized surface, was lower in all cases. It can be concluded that
the CT surface is able to release a larger amount of grafted nisin than the
polished one; a role of physisorption instead of chemisorption in the
different release can be supposed. The release of nisin is of relevance for
fighting the risk of infection that is higher in the first days after surgery
[20]. According to these data, a double mechanism of action can be
expected from the functionalized surface in a biological environment: a
release in the surrounding liquids that can counteract the floating
planktonic bacteria, and direct inhibitory contact with the biofilm bac-
teria trying to adhere and colonize the surface of the device [20]. This is
of great interest considering that AMPs hold a double activity, direct and
indirect, towards bacteria. AMPs grafted on the surface can directly bind
to the negatively charged membrane phospholipids causing bacteria
death due to irreversible pores formation, as well as by the inhibition of
the ATPase activity, thus preventing chaperone-assisted protein folding
[61,62]. In parallel, AMPs released in the physiological fluids can pro-
mote the recruitment of neutrophils at the infection site, thus activating
the immunological cascade thus indirectly counteracting the infection
[62,63]. In the specific case of nisin, even if its concentration is lower
than the minimum inhibitory concentration (MIC), this molecule can
still regulate the toxic activity of bacteria by downregulating the
expression of the toxin-encoding genes [63-65].

3.3.5. Antibacterial properties evaluation

According to the previous physicochemical characterization, the CT
Nisin6 specimens were selected for the antibacterial evaluation due to
their superior ability in terms of nisin adsorption in comparison to the
CT Nisin5 and CT Nisin7, besides the non-functionalized CT control (CT
ctrl). Etched CT specimens were selected as control over the bulk MP
ones due to their roughness depending by the nanotexture as previously
shown by the SEM images (Fig. 2 B1-B2); in fact, such texture confer
anti-adhesive properties due to the presence of the nanopeaks prevent-
ing bacteria anchorage in the early adhesion phase [17]. So, to precisely
evaluate the contribution of the nisin per se the CT specimens have been
used to rank the results of the nisin-doped ones.

Moreover, considering that the bioactivity of nisin is known to be pH-
dependent, specimens obtained by using the pH3 nisin stock solution
from the manufacturer (here named as CT Nisin3) were exploited and

Table 5

Percentage change of contact angle (water) on the surfaces of CT Nisin6 and CT
ctrl6 (as reference) after 1 day and 7 days of soaking in PBS and a solution
mimicking the inflammatory condition (called H,05).

Change of contact angle vs dO

PBS CT Nisin6 CT ctrl6
dil —27% —100%
d7 —63% —100%
H,0, CT Nisin6 CT ctrl6
dl —47% —100%
d7 —100% —100%

10
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compared to the CT Nisin6 specimens’ results to confirm that the grafted
nisin did not reduce its bioactivity due to the pH variation as we pre-
viously demonstrated by comparing MP and MP nisin-doped specimens
where the latter showed a promising antifouling activity by preventing
the formation of 3D biofilm-like structures [28].

As prior detailed in the Materials and Methods section, the pathogen
Staphylococcus aureus was used to directly infect the surface of the ma-
terials. S. aureus was selected because it is frequently involved in bone
infections after clinical revisions, as well as the inoculum concentration
(1x10® bacteria) was applied as it is reported by literature being the
minimum number of bacteria potentially leading to septic condition
after surgery [66].

The results are reported in Fig. 7. According to bacterial metabolic
activity (Fig. 7(B)) detected after 24 h of direct contact with the speci-
mens’ surfaces, the viability of bacteria adhered to the CT Nisin6
significantly decreased up to 80% (+11%, ~6-folds reduction) in com-
parison with non-functionalized CT controls (Fig. 7(B), p < 0.05 indi-
cated by the §); moreover, the CT Nisin6 resulted as significant towards
the CT Nisin3 specimens too (Fig. 7(B), p < 0.05 indicated by the #),
thus confirming the surface absorption of bioactive nisin at pH6 as
previously suggested by the physical-chemical characterization.

The metabolic evaluation was then confirmed by the CFU count
(Fig. 7(A); in fact, a significant reduction of the number of viable col-
onies (between 1 and 1.5 logs) colonizing specimens’ surface was
detected by comparing CT Nisin6 with the CT controls (Fig. 7(A), p <
0.05 indicated by the §) and the CT Nisin3 as well (Fig. 7(A), p < 0.05
indicated by the #); therefore, it can be hypothesized that the reduction
of the metabolic activity detected onto the specimens’ surface is due to
the significant reduction of the viable colonies adhered onto the CT
Nisin6 specimens. Therefore, the antibacterial effect of the nisin grafted
onto the CT surface resulted as much more evident in comparison to the
MP specimens where only an inhibition of 3D colonies and biofilm
formation was observed whereas the CFU number resulted as not
significantly decreased in respect to the untreated controls [28]. Such
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improvement can be probably ascribed to the higher affinity of the nisin
towards the negative charged CT surface as well as to a synergistic effect
of the nanotexture preventing adhesion and nisin counteracting prolif-
eration and biofilm formation.

Finally, as further confirmation of the nisin bioactivity, SEM images
were collected to check the colonization degree of the specimens as well
as the morphology of the bacteria (Fig. 7(C)). In line with previous re-
sults, the surface of the CT Nisin6 specimens showed the lower degree of
contamination in comparison to the CT control and CT Nisin6. More-
over, higher magnification images revealed that bacteria adhering to the
CT Nisin6 surfaces were mostly growing as single colonies whereas in
the CT control and CT Nisin3 some 3D biofilm-like aggregates were
found, thus suggesting for anti-microfouling activity due to the nisin
higher bioactivity onto the CT Nisin6 specimens as previously observed
for the MP specimens, too [28].

Summarizing these results, it can be hypothesized that the chemical
treatment applied to the Ti surface was successful in increasing or sta-
bilizing the nisin adsorption probably due to the negatively charged
nanotextured layer and a chemisorption mechanism. Moreover, the
obtained results are in line with previous literature. Najmi et al. (2020)
compared the antibacterial activity of nisin at physiological pH against
two Gram-positive bacteria, Staphylococcus aureus and Staphylococcus
epidermidis, and two Gram-negative bacteria, Escherichia coli and
Aggregatibacter actinomycetemcomitans. Based on their results, nisin is
more effective toward Gram-positive bacterial strains than Gram-
negative ones [62].

Regarding the nisin anti-microfouling activity few literature is
available but the presence of nisin was previously shown by Blackman
etal. [67] to reduce the surface contamination from bacterial aggregates
in combination with a specific patterning as well as Kim et al. [68]
demonstrated that the presence of nisin conferred outstanding fouling
resistance to ultrafiltration PDMA membranes when infected.

As it was previously reported, in Gram-negative bacteria, because of
the presence of the outer membrane, the nisin binding to the cellular

(A) S. aureus viable colonies (8) S. aureus metabolic activity
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Fig. 7. Antibacterial activity of Ti-functionalized with nisin at pH3 and pH6. A) Metabolic activity of bacterial cells normalized towards non-functionalized CT (ctrl);
B) Viable bacterial colonies count (CFU). C) SEM images at two magnifications: 2000X (scalebar = 10 mm) and 5000X (scalebar = 5 mm). § and # indicates p < 0.05.
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membrane (Lipid II) is complicated. Roupie et al. (2021) created nisin-
based layer-by-layer coatings on glass coverslips to simultaneously
prevent bacterial attachment and foster osseointegration. After prepa-
ration of glass coverslips with different layers, they were submerged into
nisin Z solution for 24 and 48 h; their results revealed that nisin Z
immobilization increased its antibacterial activity in comparison with
free nisin and based on contact time, after 48 h a reduction of 92.5% in
bacterial attachment observed [69].

Accordingly, the here presented results confirmed that nisin can be
considered an interesting and suitable natural molecule conferring
antibacterial properties to biomaterials, even if it should be considered
that it is more effective towards Gram-positive pathogens. CT shows to
be a substrate suitable for an effective functionalization with nisin: it
allows chemisorption of nisin and effective release of the molecule. This
was not the case for the mechanically polished Ti6A14V-ELI as shown in
[28]. As last, the mild anti-microfouling action of CT [17] can be useful
to inhibit eventual bacterial adhesion at long time after implantation
when the release of nisin is completed and no more effective.

4. Conclusions

An effective surface functionalization with nisin can be performed on
a chemically treated titanium alloy surface avoiding the use of any toxic
linker, by exploiting the surface topography, with nanometric dimples,
and surface chemistry, with a high density of acidic hydroxyl groups.
The adsorption of the polypeptide can be performed in the pH range
within 5 and 7 and it is maximized at pH 6, where the difference in the
electrostatic attraction between the surface (with deprotonated hy-
droxyl groups) and the polypeptide (with a prevalence of the positively
charged form) is the highest. The higher surface area, compared to the
untreated substrate, and the more specific chemical interaction with the
peptide allows to obtain an effective chemisorption. The nisin-coated
surface has a high surface energy and wettability suitable for tissue
integration, further enhanced by the bioactivity of the chemically
treated substrate itself. Moreover, it releases nisin, with a not complete
release after 1 day both in physiological and inflammatory simulated
conditions, and almost total after 7 days. The mild antimicrofouling
action of CT then prevents in long term bacteria adhesion, after the
complete release of the peptide. A preliminary moderate antibacterial
action has been registered with respect to S. Aureus. The effectiveness of
the antimicrobial activity of nisin-coated CT was significantly higher
than the one registered on the untreated titanium, where only the
antifouling effect was observed: no decrease of CFU number was
observed compared to the nisin-free control. The higher amount of nisin
at CT surface, as well as the higher release, were able to promote a
proper antimicrobial response. A synergistic effect of the nanotexture of
the substrate, preventing bacteria adhesion, and active antibacterial
action of nisin can be supposed to be effective in limiting biofilm for-
mation. An optimization of the adsorption protocol and further biolog-
ical characterization will be performed to investigate the potentiality of
this optimized nisin-coated surface.
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