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Implant-associated infections are the major concern for failure of arthroplasty operations. The functionalisation
of implant surface can provide solutions to the problem by either inhibiting the adherence of the bacteria or
introducing a contact-killing mechanism. This work is focused on Ti6Al7Nb biomedical alloy modification
involving chemical and plasma surface activation, followed by the deposition of chitosan layers enhanced with
metal nanoparticles. A benign method using chitosan as an efficient reducing and stabilizing agent was applied to
produce Au and Ag nanoparticles in situ with the size of ca. 20 nm and 5 nm, respectively. Piranha solution and
02/NHs/Ar plasma were used as a surface activation method, while Au and Ag NPs provide antimicrobial
properties, as a viable alternative to the antibiotic-based approach. The surface topography on submicrometre
scale of deposited layers was evaluated. Chitosan and chitosan-Ag NPs composite layers showed excellent hy-
drophilicity, characterised by wetting angles below 13°. Modified alloy showed minimal toxicity towards MG-63
cell line in vitro, acceptable corrosion resistance and release of titanium, aluminium as well as niobium ions from
the resulting modified alloys. The chitosan layers were proven to uphold satisfactory Au (over 2.8 mg/dm3) and

Ag (over 5.1 mg/dm®) ion dosages up to 96h.

1. Introduction

The amount of arthroplasty operations in recent decades, including
total hip replacement procedures, has increased significantly and is
projected to rise in the future by various estimates [1-3]. The leading
causes of such trends being mainly the wider availability of specialised
medical care, increased life expectancy, rise in obesity rates and ageing
population of first word countries. Given such circumstances, the in-
crease in value of global biomaterial market, including metallic implant
sector, is expected. Among metallic biomaterials, titanium and titanium
alloys possess several desirable traits. For example: biocompatibility,
low Young’s modulus, corrosion resistance, fatigue resistance, which
justify its widespread usage in clinical practice. This popularity is re-
flected by numerous research concerned with technology and modifi-
cation of titanium-based alloys, which are focused on solving existing
issues with medical usage of this particular group of materials. One such
problem revolves around appropriate choice of alloying elements, in
regards to biocompatibility of implant and its long term usage. Studies

focused on harmful influence of vanadium atoms on human tissue, have
put under consideration usage of popular alloy such as Ti6Al4V [4-6].
The need to replace vanadium has led to development of alloys such as
NiTi, Til5Zr4Nb4Ta, Til3Nb11Zr, and especially Ti6Al7Nb, which of-
fers similar properties and manufacturing costs to Ti6Al4V [7]. The
continuous effort to reduce potentially harmful additions is likely to be
preserved, as suspicion towards long term exposure to aluminium ions,
its effect on human body and contribution to neurological diseases grow
in the academic field [8].

In addition to improving the bulk material itself, surface engineering
plays an important role in the development of safe and effective medical
devices, as for the most part organism reaction to implant is dependent
on material-tissue interface [9]. Besides surface modifications and
coatings improving biocompatibility, osteoblast proliferation, differen-
tiation and bone integration, the topic of antibacterial coatings is
emerging trend in recent scientific literature. Implant-associated in-
fections are still the leading cause of implant failure, putting patients
health in danger and straining healthcare funds by generating additional
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costs due to treatment and additional surgeries [10]. Moreover, the
rising problem of antibiotic resistant bacteria adds complexity in finding
proper solution against bacterial colonisation of implant surface.
Research shows, that the very problem is best tackled at the initial phase
of bacterial adhesion before biofilm that consists of polymerized poly-
saccharides starts forming, which significantly reduces the effectiveness
of antimicrobial agents [11]. Therefore, the current approach of surface
functionalisation focuses on either reducing bacteria adhesion or
introducing a contact killing mechanism [12,13]. The former is achieved
by controlling physiochemical parameters such as surface energy,
wettability or surface charge by means of creating appropriate chemis-
try, topography and controlled feature size [14]. Such nano- and mi-
crostructures include, but are not limited to, nanorough surfaces [15],
titania nanopillars [16] and nanowires [17], charged polycation
biopolymer layers [18] or polymeric brushes [19,20]. Those modifica-
tions significantly reduce bacterial adhesion, while not inhibiting cell
growth. To attain bactericidal effect similar topographical features, with
strictly controlled dimensions, can be used to induce bacterial cell lysis
[17]. The exact patterns are often inspired by naturally occurring
structures, emphasizing biomimetic approach in biomaterials science
[21]. Another approach utilizes bactericidal agents introduced in forms
of layers, nanoparticles and substances anchored or embedded into
surface. Besides antibiotics such as minocycline [22], ciprofloxacin [23]
or vancomycin [24] alternatives such as antimicrobial peptides [25],
biopolymers [26], metallic ions and nanoparticles [27-34] are gaining
popularity.

In particular, usage of metal nanoparticles has been extensively
studied in current literature, providing wide variety of synthesis
methods, including physical methods [35], wet chemistry [36] and so
called green chemistry methods [37-40] yielding mono-, bi- or even
trimetallic structures [40]. Due to their extraordinary properties they
found a multitude of applications, ranging from catalysis [41,42], sen-
sors [43] to cancer treatment [44]. Moreover, their antibacterial prop-
erties are highly applicable in areas such as the food industry [45],
textile industry [39] and biomedical use [29]. It is agreed upon, that the
introduction of noble metals ions and nanoparticles into surface
composition provides satisfactory antibacterial effect while having
minimal toxicological effect on surrounding cells, provided sufficiently
small concentration. Unlike modifications utilizing antibiotics, usage of
agents such as gold or silver in form of ions and nanoparticles (NPs) can
bypass defences of antibiotic-resistant bacteria, which adds to the
attractiveness of such solutions. Current approach presents wide variety
of ways to immobilise NPs including entrapment in pores [30], elec-
trostatic attraction or chemical binding to functionalised surface via
organic moieties [28]. The development of herein described ideas paves
the way to new generation of medical implants or devices, capable of
fighting off bacterial invasion.

In this work the novel multi-step approach to Ti6Al7Nb alloy
modification is proposed, consisting of chemical etching, plasma etching
and deposition of chitosan layers with Au NPs/Ag NPs. The active sur-
face of proper topography and chemistry was achieved by chemical and
plasma treatment. Simple chitosan deposition via immersion, coupled
with in situ chitosan-mediated synthesis of Au NPs or Ag NPs provides
easy way of biomedical alloy functionalisation. Such procedure was
developed in order to elicit positive host body reaction and improved
bone integration, while introducing antibacterial effect. Successful
deposition of nanoparticles embedded in biopolymer matrix was proven
and the effect of layers on medical alloy characteristics, such as static
contact angle, corrosion current or ion release profiles was measured.
Additionally, a quantitative study to determine changes in the me-
chanical parameters of the surface using the nanoindentation method
was carried out.

Thus, the main goals of this study were to: (1) develop a relatively
simple, yet effective surface modification technology preventing biofilm
formation, promoting osteointegration, providing corrosion resistance
and diffusion barrier for metal ions, (2) characterise physiochemical
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state of surface after undergoing proposed treatment, (3) evaluate bio-
logical response in vitro, paying special attention to possible toxicolog-
ical effects of silver and gold ions, (4) characterise mechanical properties
of deposited layers, and (5) compare features and biological responses of
investigated surface modifications on different stages.

2. Materials and methods
2.1. Sample preparation and surface treatment

Rod of Ti6Al7Nb alloy (diameter 16 mm, Shaanxi Yunzhong Industry
Development) was cut into discs, 4 mm thick each. In order to remove
natural oxide layers, clean and prepare surface for next steps of surface
modification, each sample was manually ground using SiC grinding
paper (grits: #180, #320, #500, #800, #1000, #1200, Struers) and
polished using diamond pastes of grain size 9 pm (DiaPro Allegro,
Struers), 3 pm (DiaPro Dac, Struers) and 1 pm (DiaPro Nap B, Struers)
until mirror polish was achieved.

Prior to experiment samples were divided into five experimental
series and functionalized accordingly:

1) Non-modified reference samples — LO

2) Chemically etched, plasma modified samples — L1

3) Chemically etched, plasma modified, chitosan deposited samples —
L2

4) Chemically etched, plasma modified, chitosan + Au NPs deposited
samples — L3

5) Chemically etched, plasma modified, chitosan + Ag NPs deposited
samples — L4

Chemical etching was conducted in Piranha solution containing 40%
NH30H solution, 30% H305 solution and deionized water in volume
ratio of 1:1:5. Each batch was submerged for 20 min. at constant tem-
perature of 70°C. Immediately after etching samples were rinsed in
NaOH solution and deionized water multiple times.

The plasma treatment was carried out in low pressure conditions (0.8
Tr) in RF CVD system (13.56 MHz, Elettrorava S.p.A., Turin, Italy),
under the constant flow of gases: Oy (50 sccm), NHg (45 scem), Ar (5
sccm) for 60 min. Process was performed under ambient temperature
and set power density of 0.6 W/cm?2.

Biopolymer solutions were prepared by dissolution of chitosan (CS)
of average molecular weight of 1278 + 8 kDa in 0.1 M acetic acid,
process was conducted in oil bath, at a temperature of 65 °C under
stirring for 12 h. Au NPs were obtained by controlled reduction of
HAuCly (5 mM) by CS (1% (w/v)) in volumetric ratio HAuCl4:CS of 5:2
[32]. While, Ag NPs were formed by concomitant reduction of AgNO3
(52 mM) by both CS (1% (w/v)) and ascorbic acid (Vit.C, 1 mM) as re-
ductants in volumetric ratio AgNO3:CS:Vit.C of 1:5:1 [33]. The suc-
cessful incorporation of gold and silver NPs were confirmed by UV-VIS
spectroscopy (Fig. S1, Supplementary Material). Chitosan-based layers
were prepared by the solvent evaporation method. Layers were depos-
ited on plasma pre-activated Ti6Al7Nb substrates by immersion in
prepared CS solutions, diluted by deionized water (the volumetric pro-
portions CS:dH;0 were: 1:6 for L2 series and 1:4 for L3 and L4 series) for
30 min, under gentle rocking motion. After deposition each sample was
rinsed in 4% NaOH solution and deionized water multiple times.

2.2. Physicochemical surface characteristics

2.2.1. Microscopic observation

Surface structure investigation was performed using SEM microscope
(Nova NANO SEM 200) after layers were deposited as well as after
corrosion behavior measurements. Transmission electron microscope
equipped with a cryo-holder station (FEI Tecnai T20 microscope) was
used to examine the morphology of the synthesized Ag and Au nano-
particles obtained in the parent silver- or gold—chitosan dispersions and
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to examine their distribution in the cast films. The size distribution of
nanoparticles was determined from the enlarged TEM micrographs,
using commercially available software ImageJ, counting at least 200
particles in different images. Topography of obtained surfaces was
evaluated using optical profilometer (Leica L series), arithmetical mean
height (S,) and root mean square height (Sy) were collected over three
scans of different areas (350.88 x 264.19 pm) for each sample series. In
addition, the thickness of the obtained layers was determined using
optical profilometry (Alpha Step IQ, KLA-Tencor Corp., Milpitas, CA,
USA), based on selected micro-area of the tested samples.

2.2.2. Chemical characterization

To ensure proper chemical composition of deposited layers EDS
(EDAX GENESIS) measurements were conducted. Samples coverage by
chitosan layers was checked by Fourier-transform infrared spectroscopy
(BIO-RAD FTS6000), using Attenuated Total Reflectance method (FTIR).

2.2.3. Contact angle measurements

The static contact angles and free surface energy were assessed for all
series by contact angle measurements (Kruss DSA25E) via sessile drop
technique, utilizing diiodomethane and deionized water. Measurements
were repeated fivefold for each series and conducted under ambient
conditions, free surface energies were calculated using OWRK (Owens-
Wendt-Rabel-Kaelble) model.

2.2.4. Voltammetry study

Corrosion behavior of modified surfaces was assessed using linear
sweep voltammetry method, utilizing surveyed sample as working
electrode, silver chloride electrode as reference and platinum auxiliary
electrode. Ringer solution (8.6 g/L NaCl, 0.3 g/L KCl, 0.243 g/L CaCl,,
pH =7.15 + 7.30) under constant temperature of 37°C, simulating body
fluid conditions, was used as electrolyte. In each case sweep was made
from +1.5 V to —1.0 V with linear step of 0.001 V/s using potentiostat/
galvanostat (Autolab PGSTAT128N, Metrohm).

2.2.5. Mechanical testing

Hardness and Young’s modulus of deposited layers were estimated
using nanoindenter (Anton Paar), basic tribological information were
collected by means of scratch testing as well. The nanoindentation was
performed using diamond Vickers indenter, in low (20, 30, 40, 50 mN)
and high (200, 400, 600, 800 mN) load regime with loading speed equal
twice the total load value, expressed in mN/min. Hardness and Young’s
modulus were calculated according to Oliver-Pharr method [46]. The
resistance to scratches in the micro-scale was evaluated using a scratch
test (MST3, Anton Paar). During the measurement, the load of the
Rockwell-type diamond indenter (radius: 100 um) increased in a linear
manner from 0.03N up to 5N, at a rate of 1.99 N/min, the test was
carried out on a 5 mm distance.

2.2.6. Evaluation of biological activity

To address potential cytotoxicity, a series of in vitro experiments were
conducted on MG-63 cell line. Alamar Blue assay (Sigma-Aldrich) was
carried out after 48h and 96h as follows: cells were cultured in Dul-
becco’s Modified Eagle Medium — DMEM (Immuniq, Poland), supple-
mented with phenol red, 10% fetal bovine serum (FBS) and 1%
of streptomycin/penicillin (Gibco-BRL, Life Technologies, Germany).
After UV light sterilisation (20 min), samples were placed in sterile 24-
well culture plate and surface was seeded with 0.2 ml of cell suspension
(50x10* cells). As a control, cells were cultivated on bare culture plates
(negative control, Corning Inc., USA). Medium was changed every 24h
for a fresh one. After appropriate time has passed, Alamar Blue assay was
carried out according to the well-known protocol [47]. Cellular meta-
bolic activity was monitored with application of multimode microplate
reader (Infinite 200 M PRO NanoQuant, Tecan, Switzerland), using 605
nm wavelength (excitation wavelength 560 nm). Cytotoxicity was
expressed as a percentage of viable cells in relation to control.
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Additionally, cell populations harvested from the samples were analyzed
by flow cytometry (BD FACSCalibur™, BD Bioscience), using Annexin-
V-FITC (Apoptosis Detection Kit; Invitrogen) to detect early and late
apoptosis, while 7-AAD (7-Amino-Actinomycin D) (Viability Staining
Solution; eBioscience Reagents, Thermo Fisher Scientific) to stain
necrotic cells. Moreover, samples of a growth medium from the cell
cultures being treated (Alamar Blue assay after 48h and 96h) were
collected and analyzed by means of inductively coupled plasma mass
spectrometry (ICP-MS) in order to measure the concentration of released
ions (Elan 6100 Spectrometer).

3. Results and discussion

3.1. SEM observations, profilometer investigation and layer chemistry
investigation

Surface microstructure investigation, using SEM microscopy, was
carried out to observe topographical changes after each applied modi-
fication (Fig. 1). The change of the surfaces microstructure after sub-
sequent modifications can be clearly observed as smooth titanium
surface (Fig. 1, L0O), however appears to be more developed after
chemical etching and plasma treatment (Fig. 1, L1). Chitosan-based
layers (Fig. 1, L2-14) seem to appear even rougher than previous sur-
faces, although the topography of island-like pure CS layer differs from
those containing nanoparticles, having more homogenous structure. To
acquire more information about chemical nature of surface and confirm
deposition of planned layers, EDS scans of SEM micrographs were made
(Table 1).

It can be noticed that etching in Piranha solution and usage of oxygen
containing plasma increased overall oxygen content, related to TiO,
layer growth, compared to unmodified titanium alloy. As expected,
immersion in chitosan solution caused elevated oxygen content and
appearance of carbon peak, likely related to chitosan. Moreover, in the
case of surfaces enriched with metal nanoparticles gold and silver con-
tent, respectively were detected in L3 and L4 sample series, respectively.

To get an insight into the uniformity of the AuNPs distribution
among the nanocomposites, TEM analysis of the thin films, previously
casted on plastic substrates, was used to assess the shape and size dis-
tribution of the as-prepared nanoparticles (Fig. 2).

Microscopic visualization revealed the formation of mainly spherical
shaped silver or gold particles. Statistical analysis of the NP sizes based
on the obtained micrographs (inserts) allowed to determine the size of
16 + 5 nm and 8 + 3 nm for Au NPs and Ag NPs, respectively.

Then, to identify possible interactions between silver or gold nano-
particles and chitosan molecules FTIR measurements were carried out.
FTIR spectra of chitosan, chitosan-Au NPs, and chitosan-Ag NPs films
are presented in Fig. 3.

Typical FTIR spectra of chitosan present representative peaks at
~1640 and ~1550 cm ™! related to amide groups, i.e. acetylated amine,
and to free amine groups (i.e. deacetylated amine) [48], respectively.
Distinctive peaks originating from glyosidic ring (1018 cm ™! and 1060
em ™! peaks), CH, wagging (1320 cm™}), —CHj symmetric deformation
(1377 ecm™!) and wide band, consisting of overlapping peaks, related to
NH and OH stretching (3255 cm™ 1) can be observed [49]. Moreover, less
intensive peaks were detected at 650 e¢m ! (OCO vibrational mode of
acetic acid) [49], 893 cm ! (CH alkene stretching), 1155 cm ! (Co
stretching), 2876 cm™! and 2930 cm ™! (symmetric and asymmetric CH
stretching) [34]. The most characteristic change coming from metal —
chitosan interactions is connected with the shift of amino group band
(~1550 em ™ 1) to lower wavenumbers in the presence of metal NPs due
to electrostatic interactions between the polymer and the metal. As well,
when metals are incorporated in the chitosan films a significant change
in the relative intensity of these bands should be observed. The inte-
grated intensity ratio I-1550/I-1640 depends firstly on the molecular
weight of the polymer and secondly on metal content. For instance, it
was shown that it significantly decreased with silver loading [48].
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Fig. 1. SEM micrographs of reference sample (L0), sample after chemical and plasma treatment (L1), CS layer (L2), CS/Au NPs layer (L3) and CS/Ag NPs/Vit.C

layer (L4).

Table 1
Concentrations of selected elements based on EDS analysis of L0-L4 samples.

Element Element concentration (wt. %)

Lo L1 L2 L3 L4
Ti 84.9 + 0.1 82.2 +0.1 58.8 + 0.1 76.0 +£ 0.1 74.3 £ 0.1
Al 6.0 +£0.1 53+0.1 7.6 +0.1 5.3+0.1 49+0.1
Nb 6.8 £0.1 5.6 +0.1 13.1+0.1 6.1 +£0.1 6.0 + 0.1
o 2.3+0.1 6.9 + 0.1 25.7 £ 0.1 7.4 +0.1 12.7 £ 0.1
C - - 4.8 +0.1 1.2+0.1 1.5+ 0.1
Au - - - 39+0.1 -
Ag - - - - 0.6 + 0.1

Likewise, it was demonstrated for chitosan when it is chemically cross-
linked with other polymers (e.g., with PEG). Thus, the intensity of the
band at ~1640 cm ™! can be considered as internal [50]. By extension,
following Wei and Qian [51] the attachment of silver or gold NPs to
nitrogen atoms in chitosan-NPs samples reduces the vibration intensity
of the N—H bonds. This would be presumably due to the increase in the
molecular weight of the complex that becomes heavier after metal NPs
bonding. In the reported study, the decrease in the intensity of the band
related to the NH groups in the primary amines in the prepared films
supports the hypothesis that silver/gold nanoparticles are interacting
with nitrogen atoms of chitosan.

Finally, the changes in roughness of titanium alloy after proposed
modifications were analysed by light profilometer (Fig. 4).

Arithmetical mean height (S,) and root mean square height (Sq)
parameters were calculated, based on three independent scans made for
each sample (Table 2).

The obtained roughness parameters suggests a drop in overall
roughness after etching in Piranha solution and plasma etching took
place (L1 sample), compared to unmodified sample (LO). Titanium
surface modified with CS and CS/Ag NPs/Vit.C layers (L2 and L4,
respectively) shows higher roughness than L1, although not as high as
LO. Surprisingly, CS/Au NPs coated sample (L3) roughness exceeded the
value calculated for reference sample and is a clear outlier among
chitosan-based modifications. The cause of such effect may be related to
higher amount of gold nanoparticles incorporated into the layer, as

compared to L4 sample (Table 1). Based on conducted analysis the
thickness of obtained layers of series L2 (CS), L3 (CS/Au NPs) and L4
(CS/Ag NPs/Vit. C) were ca. 1.2 um, ca. 1.0 um, and ca. 0.5 um,
respectively.

As proved by EDS (Table 1) and FTIR (Fig. 3) measurements CS, CS/
AuNPs and CS/Ag NPs/Vit.C layers were successfully deposited on
Ti6Al7Nb alloy. What is more, in the case of chemically and plasma
modified sample (L1) the increased oxygen content, compared to pure
titanium alloy, was detected. Thus, treatment with Piranha solution as
an etching agent and oxygen containing plasma is largely responsible for
this effect. This finding suggests formation of a thicker layer based on
titanium oxide, which acts as diffusion barrier for metallic ions and is the
reason of inherent corrosion resistance of titanium. The presented re-
sults are in agreement with Nazarov et al. [52], who also demonstrated
such positive effects of chemical etching in basic Piranha solution. This
beneficial effect of plasmo-chemical treatment deserves emphasis as it
enhances a long term implant performance. The state of the surface has
changed significantly after applying proposed modifications, as it was
confirmed by SEM observations. The usage of chemical etching with
Piranha solution and plasma treatment lead to more developed surface
topography (Fig. 1, L1). As light profilometer measurements suggest, the
overall roughness of the etched surface was lower, compared to the
unmodified state (Table 2). This might be explained by preferential
etching at surfaces peaks and valleys, therefore such treatment helped to
homogenise surfaces feature size. It is worth noting that according to
Solaf et al. [53] Sq parameter of 30 nm is optimal for MG-63 cell growth.
L1 modification was the closest to this value among all measured sam-
ples (Sg, 0.0763 + 0.0095 um), showing the potential of combined
chemical and plasma etching in achieving proper surface parameters in
nanoscale. The resulting data as well as previous studies [54] suggest
usage of proper plasma treatment in modification of biomaterials in
order to create advantageous surface chemistry and topography. On the
other hand, the deposition of chitosan layers, regardless of content,
contributed to increased roughness. With the exception of L3 sample, the
contribution was not big enough to exceed values recorded for reference
(LO) sample, what is more the roughness parameters of chitosan layers
do not seem to be the deciding factor in subsequent biocompatibility
studies performed on MG-63 cell line.
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3.2. Contact angle and surface energy measurement

Fabrication of proper surface wettability is paramount to issues
concerning both osteointegration of the implant and its bacteriostatic
properties. Contact angle, and therefore surface free energy (SFE), has
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2. TEM images of the cast films of CS/Ag NPs/Vit. C and CS/Au NPs. Inserts depict size distribution histograms for Ag and Au nanoparticles, respectively.

major implications in regards to early implant integration (i.e. protein
absorption) as well as bacteria attachment to the surface [55]. Contact
angles of deposited layers were measured by sessile drop method, using
water and diiodomethane as liquids of choice. Based on results, corre-
sponding SFE together with polar and dispersive parts were determined
by OWRK (Owens-Wendt-Rabel-Kaelble) model (Fig. 5).

The slightly hydrophilic character of pure Ti6Al7Nb surface was
changed in each of applied surface modification. Following chemical
etching in Piranha solution and plasma treatment in Op/NH3/Ar atmo-
sphere a shift towards hydrophobic character was observed. On the
other hand immersion deposition of CS and CS/Au NPs layers resulted in
strongly hydrophilic surface, reaching as low as 11.15 + 1.02° for pure
CS layer with CS/Au NPs being a close second (12.01 =+ 4.35°). Contrary
to previous chitosan-based modifications (L2 and L3), CS/Ag NPs/Vit.C
layers resulted in only slightly smaller contact angle, in comparison to
pure titanium alloy. Likewise, low contact angle was obtained by Zhang
et al. [56], who used Layer by Layer (LbL) deposition of alternating
heparin and chitosan layers. Values as low as 8° were obtained for
chitosan terminated composites (heparin/CS), although unlike our study
such results were linked to initial alkaline treatment. As Yuan et al. [55]
points out, extremely low or high contact angle can help in reducing
bacteria adhesion, demonstrated on example of E. coli strain. However,
in that study a polystyrene substrate was used as a surface of choice,
preventing direct comparison with obtained CS layers. Calculated SFE
show slightly lower energy for Piranha and plasma treated surfaces,
compared to control sample (unmodified Ti6Al7Nb alloy). Indeed, in the
case of all three chitosan-based layers, obtained SFE values were higher
than values for pure alloy sample. SFE investigations also revealed
dominating contribution of dispersive part in case of L1 series (chemical
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Fig. 4. Selected 3D surface scans of unmodified Ti6Al7Nb alloy (LO), plasma treated sample (L1), pure chitosan layer (L2), and Ag NPs enhanced chitosan layer (L4).

and plasma treatment) and L4 series (CS/Ag NPs/Vit.C). In the case of

Table 2 L2 (pure CS) and L3 (CS/Au NPs) polar interactions were the majority.

Roughness parameters obtained by light profilometer measurements: arith-
metical mean height (S,) and root mean square height (Sy) of LO-L4 samples.
Results presented as arithmetical mean + SD.

3.3. Corrosion study

Surface Sample series
parameter Lo L1 L2 L3 L4 The influence of applied surface modifications on corrosion behav-
iour was m red by linear sw voltamm L in Ringer solu-
S, (pm) 0.0937 £ 00521+  0.0865+ 01177+  0.0801 + our was measu ed by 1ear sweep vo ta,' etry (LSV) in Ringer solu
0.0167 0.0036 0.0275 0.0550 0.0242 tion, simulating body fluid conditions (Fig. 6).
Sq (pm) 0.1401 +  0.0763+ 01163+  0.1504+  0.1189 + The reference specimen LO (Ti6A17Nb alloy) revealed typical passive
0.0376 0.0095 0.0316 0.0075 0.0410 behaviour in the Ringer solution. Two current plateau are visible: the
first one is visible in the potential range from —0.25V to 0.5V, then the
anodic current increases, and the second current plateau is present at the
potential above 0.75V (Fig. 6). In the anodic domain, a very low current
density (few microampere per square centimetre) is detected. This result
confirms that Ti6A17Nb alloy exhibits high corrosion resistance in the
Ringer solution. The data acquired in the case of first three sample series
showed both similar corrosion potential and corrosion current density
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with little deviation (—0.250V, 6.10-10° A/cm? for L0, —0.248V,
2.44.10° A/cm? for L1 and —0.236V, 1.31-10° A/cm? for L2 sample),
signifying little to no change in corrosion resistance compared to pure
Ti6Al7Nb alloy. On the other hand, addition of noble metal nano-
particles seemed to slightly change the corrosion potential (—0.283V for
AuNPs and —0.150V for Ag NPs containing sample), what is more
registered current density has risen by few orders of magnitude for
AuNPs modification (1.43-107 A/cm?). No significant, corrosion
related changes were revealed by the SEM micrographs done after LSV
measurements, therefore they are not presented here. It should be
noticed that on surface modified samples, higher cathodic current den-
sities were registered. Therefore, it can be stated that the cathodic ox-
ygen reduction (reaction (1)) proceeds more easily on samples of the
titanium alloy whose surface has been modified.

0, + 2H,0 + 4e” — 40H (@]

In the anodic branch, the current density is around two orders of
magnitude higher for the specimens of Ti6Al7NDb alloy covered by the
chitosan based coatings. Considering these four coatings, the best
corrosion resistance exhibits the specimen L4 (chitosan modified by
Ag NPs).

Corrosion behaviour is an important aspect of metallic implants long
term stability and safety, as dissolution of elements, which alloy consist
of, may cause tissue irritation and long term toxicity. The investigation
of corrosion potential via LSV showed no substantial change in both
corrosion potential and current density for both etched (L1) and CS
covered (L2) samples (Fig. 6), compared to already quite corrosion

Table 3
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resistant Ti6Al7Nb alloy. On the other hand, the introduction of noble
metal nanoparticles into chitosan layers induced a slight change of po-
tential (lower in case of AuNPs and higher for Ag NPs) and raised
corrosion current. However, no major rise of Ti, Al or Nb ion concen-
tration in Ringer solution could be detected by ICP-MS measurement
after 96h (Table 3). Given short times of the experiment, relative to the
expected implant performance, more extensive study is needed to fully
confirm or deny possible concerns.

3.4. Mechanical testing

Mechanical properties of deposited chitosan layers were evaluated in
comparison with pure alloy as well as chemically and plasma treated
surfaces. Nanoindentation method was deployed to acquire data in two
loading regimes (see paragraph 2.2.6., Materials and methods section).
Collected data was used to determine Young’s modulus and hardness of
layers by Oliver-Pharr method (Fig. 7 and Fig. S2, Supplementary
Material).

Unfortunately, the E;r and Hyr values were too high to consider a
successful description of chitosan layers alone, but rather the data rep-
resents mechanical properties of near-surface region with all its ele-
ments combined. Nevertheless significant Young’s modulus decrease
can be noticed in low load regime for L2 sample, before reaching stable
value after 200 mN measurement. The similar decrease in hardness can
be seen for L3 and L4 samples, once again becoming similar in value to
other samples after 200 mN measurement. The sudden drop in both E
and H values for L1 sample at 400 mN load and L2 sample at 600 mN
load is probably a result of a random void in the surface region and
should not be taken into consideration. Patel et al. [57] reports Young’s
modulus values increase from 3.04 GPa for pure chitosan layer up to
5.22 GPa for Au NPs reinforced chitosan layers. Similar strengthening by
nanoparticles was reported by Mishra et al. [58], who recorded values of
Young’s modulus between 4.8 and 6.6 GPa for chitosan-poly-
vinyl alcohol-silver nanocomposites, compared to 3.6 GPa for pure
chitosan layer. Moreover, our study proved deterioration of those values
in hydrated state for all deposited layers.

Additional data, regarding mechanical properties of deposited
layers, was collected during scratch test conducted in progressive load
mode (max. load 5N). Penetration depth of probed surfaces was com-
parable for L1 and L2 series (4.56 + 0.71 pm and 4.46 + 0.42 pm
respectively) and exceed 5 pm for CS-based layers up to 5.84 + 0.17 pm
for L4 series (Fig. S3, Supplementary Material). Obtained results led to
total loss of adhesion of brittle TiOy layer obtained during oxygen
plasma treatment (L1), in contrast with only partial delamination of
ductile polymer layers (L2-L4) — Fig. 8.

Such results should not be a surprise given the difference in chemical
nature of layers and higher thickness of chitosan layers that received the
same plasma pre-treatment as L1 modification. Besides qualitative state
of the surface, scratch test provided quantitative data regarding the
average coefficient of friction values as well as average friction force
(Fig. 9).

ICP-MS analysis of titanium, aluminium, niobium, gold and silver ions in DMEM collected after 48 h and 96 h cell treatment with substrates.

Ion type Immersion time Concentration (mg/dm?)
Lo L1 L2 L3 L4
Ti 48 h <0.0001 0.00034 <0.0001 0.00028 <0.0001
96 h <0.0001 <0.0001 0.00025 0.00029 <0.0001
Al 48 h <0.002 <0.002 <0.002 <0.002 <0.002
96 h <0.002 <0.002 <0.002 <0.002 <0.002
Nb 48 h <0.002 <0.002 <0.002 <0.002 <0.002
96 h <0.002 <0.002 <0.002 <0.002 <0.002
Au 48 h - - - 10.38751 -
96 h - - - 2.80361 -
Ag 48 h - - - - 14.86204
96 h - - - - 5.10672
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Fig. 8. Representative images of scratch test results for reference (LO) and modified samples (L1-L4).
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Fig. 9. The average coefficient of friction values (left) and average friction force (right) of tested samples for the applied load of 5N (L0O-L4).

Determined coefficients of friction and friction forces revealed sig-
nificant change in tribological behavior provided by plasma etching, as
coefficient of friction value drops from 0.31 + 0.01 for unmodified
sample to 0.18 + 0.01 for L1 sample. Friction force is also decreased in

similar manner from 1.63 & 0.10 N for LO series to 0.93 & 0.04 N for L1
series. Considering harmful effects of wear debris on patient health and
implant longevity, proposed plasma modifications seem to bring bene-
fits not only as a pre-treatment for further functionalization but also as
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standalone modification in regions of implant exposed to friction. Un-
derstandably, deposition of chitosan layers (L2 series) caused coefficient
of friction and friction force to increase (0.2 £+ 0.01 and 1.04 + 0.05N
respectively), even more so for NPs enhanced layers (L3 and L4 series).
Out of all modified samples CS/Au NPs layers displayed the highest
friction coefficient (0.29 + 0.01), while CS/Ag NPs layers reached the
highest friction force (1.36 + 0.29N). Despite rising values, none of them
exceeded those for unmodified samples (LO), demonstrating overall
improvement.

The interplay between mechanical properties of the implant material
and osteoblast cells is important as biomechanical stimuli plays a major
role in bone formation, modulating osteoblast gene expression [59].
Investigation of the mechanical properties of deposited chitosan-based
layers, by nanoindentation, did not reveal information about layers it-
self, but rather about whole surface region spanning over few micro-
metres, which was obviously not the intention. Nevertheless, gathered
data points out decrease of hardness and Young’s modulus in near-
surface region, which can be seen as positive effect, as materials used
in implantology strive to imitate mechanical attributes of the human
bone. The fact that true properties of chitosan layers were not discov-
ered, given indentation depth (below 1 pm in low load regime), implies
formation of thin layers, submicrometric in thickness. While this data
might be helpful in assessing whether the proposed set of modifications
is justified from biomedical point of view, it does not provide complete
insight. Measurements of soft, polymer layers using nanoindentation
method were proven to be challenging and adequate improvement of
methodology should be considered in future studies in order to gather
complete information on CS layers mechanical properties. Scratch tests
revealed the importance of plasma pre-treatment in regard to proper
tribological performance of implant, by reducing friction coefficient by
nearly 40%, compared to unmodified Ti6Al7Nb alloy. Superior tribo-
logical properties of plasma modified Ti6Al7Nb alloy are supported by
the findings of Kim et al., who used Large Pulsed Electron Beam (LPEB)
to expose alloy surface to nitrogen plasma and successfully enhance
alloys wear resistance [60]. Preventing wear is necessary to avoid issues
such as fretting corrosion or tissue inflammation, caused by produced
debris.

3.5. In vitro biological evaluation

Safety of implanted medical devices is of utmost importance and is
subjected to rigorous control and testing. This is especially important
when biomaterials or their modifications contain nanomaterials as
constituent elements. In this study, silver and gold in form of nano-
particles, used as main antibacterial agents in prepared layers may cause
adverse effects on human cells, if these metal ions are released too
rapidly or nanoparticles are not embedded firmly enough. Thus, to asses
influence of the resulting layers on human osteoblast cells, in vitro study
of cytotoxicity on MG-63 cell line was carried out. Viability of cells
cultured on substrates was evaluated after 48 and 96h by Alamar Blue
assay (Fig. 10).

All modified surfaces turned out not to cause significant cytotoxicity
in contact with MG-63 cells in vitro when compared with unmodified
Ti6Al7ND alloy. For instance, determined decrease in viability has not
exceeded 16% and 14% after 48h and 96h, respectively (difference be-
tween L4 and LO samples in both cases). Importantly, none of the
modified substrates exhibited cytotoxicity higher than 20%. Such minor
toxicity is on an acceptable level in accordance with EN ISO 10993
standard [54], proving modified samples biocompatible. Moreover,
based on these results, it can be concluded that the MG-63 cells are more
prone to proliferate on CS (L2) and CS/Au NPs (L3) samples than to the
other two modifications (L1: chemical and plasma treatment, L4: CS/
Ag NPs/Vit.C).

Then, in order to clarify the viability of particular cell populations
incubated on exact surfaces, flow cytometry measurements allowing
determination of viable and dead (apoptotic, necrotic) cells, were
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Fig. 10. MG-63 cells viability determined by Alamar Blue test for reference
(LO) and modified Ti6Al7Nb samples (L1-L4) after 48h and 96h.

performed. In detail, the cell populations were harvested after 96h in-
cubation and stained to enable fluorescent detection and classification of
alive, early or late apoptotic cells and necrotic cells (Fig. 11).

The results are in agreement with data obtained by Alamar Blue
assay, which suggested slightly lower biocompatibility of L1 (chemical
etching + plasma treatment) and L4 (CS/Ag NPs/Vit.C) surfaces. Those
modifications seem to affect small population of MG-63 cells (percent-
ages of necrotic cells: 3.9 + 1.8% and 7.5 + 1.3% for L1 and L4,
respectively). In contrast to the above, pure CS and CS/Au NPs exhibited
significantly less numerous populations (0.6 & 0.2% and 0.9 + 04% for
L2 and L3, respectively). As well, populations of apoptotic, especially
early apoptotic cells, for all modified samples (ca. 9% of total cell pop-
ulation for all L1-L4 series), are not considerably elevated. These results
leave no doubt that the modified alloys meet the biocompatibility
requirements.

To further investigate potential harmful ion release, affecting long
term safety of the implant as well as to get insight into silver and gold ion
release kinetics, ICP-MS study concerning major alloy components, Ag
and Au was performed (Table 3).

Obtained results show a minimal release of Ti ions (concentrations
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Fig. 11. Viable, early apoptotic, late apoptotic and necrotic cell populations
cultured on reference (LO) and modified (L1-L4) samples, determined by
flow cytometry.
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below 1 pg/dmg) for both immersion times (48h and 96h) and its
alloying elements (concentrations below 2 pg/dm?® for Al and Nb). This
relation holds for all proposed modifications and reference sample with
little fluctuation in time. More interesting release profile presents Au
and Ag ions released from nanoparticles in the case of L3 (CS/Au NPs)
and L4 (CS/Ag NPs/Vit.C) samples. While the initial concentrations are
a quite high (over 10 mg/dm? for Au and over 14 mg/dm? for Ag ions
after 48h), they tend to decay rather quickly just after another two days
(nearly fourfold decrease for Au ions and nearly threefold for Ag ions
after 96h). The observed “burst release” effect is a desirable phenome-
non as it provides maximum anti-infection protection immediately after
implantation. Inflammation is the normal physiological stage observed
after implantation and accompanies its normal course. However, there is
a fear of serious complications related to the development of bacterial
infections, therefore the introduction of antibacterial components into
surface modification of medical alloys with an explosive release kinetics
at the beginning and then a slow release of reactive factors (sustained
releasing) is the most optimal solution [13].

The results of biological evaluation provided optimistic answer to
question of biocompatibility of manufactured layers. Alamar Blue test
resulted in over 80% MG-63 cell viability for all four modifications,
compared to unmodified sample, showing good tolerance of osteoblast-
like cells towards applied layers with embedded nanoparticles (Fig. 10).
Above-described results are in agreement with our other research
regarding similar structures on NiTi [61]. In both studies, the main
concern was brought by elevated levels of necrotic cells in case of
chemically and plasma modified sample, as well as CS/Ag NPs/Vit.C
layers. In the first modification it is possible, that cell death may be
caused by oxidative stress, induced by residual reactive oxygen species
after plasma treatment or adverse surface conditions. Moreover, in the
case of Ag NPs containing layer ions release impact on slightly elevated
cytotoxicity is presumable, as such effect was also shown in other studies
[29]. Based on those remarks, care must be taken to optimise silver
release profile in such a way that cell uptake will be minimised, while
antibacterial effect will be retained. Gold and especially silver are well-
known safe antibacterial agents, however, when provided with suffi-
ciently controlled manner. Indeed, the incorporation of metal nano-
particles in the polymeric matrix or their direct surface modification
with polymers significantly improve the biological effect — assure anti-
bacterial mode of action while not cause cytotoxicity towards somatic
mammalian cells. What is therefore absolutely important is prevention
from an uncontrolled release of the metallic nanoparticles to the envi-
ronment. Thus, such hybrid nanomaterials tune the bactericidal delivery
of Ag or Au ions with a fast initial and subsequent sustained release at
the infection site. Layers deposited in this study were characterised by
continuous noble metal ion release up to 96h (Table 3). Various research
reports the activity of Ag NPs and Au NPs against both Gram-positive
and Gram-negative bacteria strains [28,31-33]. For instance, antimi-
crobial efficiency of cellulose fibers enriched with Ag NPs against
different pathogens including bacteria and fungi (Escherichia coli,
Staphylococcus aureus, Candida albicans, Saccharomyces cerevisiae) was
proved by Ahmed et al. [39]. Then, Emam [40] demonstrated excellent
antibacterial activity of Ag-Au bimetallic nanocomposites, obtained by
eco-friendly method with application of natural arabinogalactan poly-
saccharide (Arabic gum). Very high antibacterial activity in vitro after
24h of incubation towards Gram-(-) and Gram-(+) bacteria strains was
proved (up to 95.3-100% of bacterial reduction). Finally, provided in
the current literature data suggest minimal inhibitive concentrations of
Ag nanoparticles against two most common opportunistic bacteria:
E. coli and S. aureus as 3.3 nM and 33 nM, respectively. Such concen-
trations are high enough to elicit bactericidal effect against most of
bacteria strains responsible for implant-associated infections [62].

4. Conclusions

In this study multi-step modification of Ti6Al7Nb titanium alloy was
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successfully developed. Surface functionalisation based on chemical
etching, O2/NHs/Ar plasma treatment and immersion deposition of
chitosan layers embedded with Au NPs and Ag NPs induced significant
changes to alloy surface. Usage of oxidative etching agents promoted
growth of uniform, nanorough protective TiO5 layer (S, = 0.0937 pm
and Sq = 0.1401 pym for L1 series). Plasma treatment resulted in
improved tribological behaviour, indicated by decrease of friction co-
efficient from 0.31 for unmodified alloy (LO series) to 0.18 for plasma
etched samples (L1 series). Chitosan layers enhanced with nanoparticles
of noble metals showed minimal toxicity towards MG-63 cell line in
vitro. Favourably, highly hydrophilic surface state and release profile of
silver and gold ions presumably assure sufficient antibacterial action
and lack of significant cytotoxicity towards normal cells. Maintaining
desired concentration of gold (2.80361 mg/drn3 for L3 series) and silver
(5.10672 mg/dm? for L4 series) ions up to 96h poise applied modifi-
cations to fight off biofilm formation. Moreover, achieving low contact
angle value of 11.15° for L2 and 12.01° for L3 series adds to the anti-
fouling effect. Furthermore, no major changes in corrosion behaviour
and subsequent alloy-related ion release was observed. Positive evalu-
ation of herein presented engineered surfaces may open a way to new
solutions of tackling peri-implant infections and other bacteria related
complications. Moreover, the usage of silver and gold as an alternative
to antibiotics can hopefully help to battle a growing issue of antibiotic
resistant bacteria.
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