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Abstract: The starting point of this study is a new alloy with rare metals such as Ta and Zr that has
Ag in the composition, proven antibacterial properties. New coatings on Ti-Zr-Ta-Ag capable of
improving the alloys’ properties and to be suitable for more applications have yet to be fabricated.
New formulations based on chitosan (Ch) and bioglass (BG) were designed as multifunctional
coatings to be deposited from suspensions on the mentioned alloy. To make the suspensions used for
deposition, several samples were made containing Ch, BG and ZnO in various mass ratios. A number
of solutions with different component ratios were produced and analyzed by ζ potential and Dynamic
Light Scattering (DLS) to determine the most stable mixture, which was subsequently deposited
on the Ti-Zr-Ta-Ag samples. The mixtures and the samples obtained after applying the coating
were characterized from a morphological and compositional standpoint using Scanning Electron
Microscopy coupled with energy dispersive X-ray spectroscopy (SEM-EDX) and Fourier-transform
infrared spectroscopy (FT-IR). Further analyses on the properties of the coating were performed using
contact angle and roughness analysis. Zeta potential measurements demonstrated evidence of a good
stability of the coatings. The size of the ceramic particles is between 1 and 10 µm. From the SEM,
the morphology of all the components from the mixture containing chitosan, bioglass and ZnO are
shown to be present on the surface. From the FTIR determination, all the functional groups that
appear demonstrated evidence of the presence of BG, ZnO and chitosan. The contact angle values
of the coated samples are in the hydrophilic domain but are higher compared to the uncoated alloy
values. Such behavior is promising in a potential bioapplication.

Keywords: bioglass; chitosan; zinc oxide; multifunctional coatings; titanium alloy

1. Introduction

Starting in the middle of the last century, titanium was the most selected metallic
material for many applications [1–4] in various environments, including bioliquids [5–7]
due to its remarkable properties regarding its electrochemical stability and mechanical
characteristics. Most of the metallic alloys used for implantology are based on titanium
and stainless steel and used mainly in the orthopedic field due to their good mechanical
properties. The need to enhance the mechanical properties of pure titanium for various
fields of applications has led to the elaboration and use of alloys such as TiAlV and
TiAlNb which have been homologated [8,9] and used intensively as biomaterials [10].
The toxicity generated by ions that could be released from the metallic surface into the
human body fibrous structures [5,6] of Al and V, which are present in such approved alloys,
has led, at the beginning of this century, to the promotion of binary titanium alloys with
Zr [11,12], one of the most biocompatible elements of the system. In looking for more
performant metallic materials, a new class of multicomponent alloys (or high entropy
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alloys) was developed [13,14]. These alloys are formed with at least five principal elements
in equiatomic or near-equiatomic proportions that lead to a single-phase solid solution.
In the last years, high entropy alloys (HEAs) and medium entropy alloys (MEAs) were
elaborated based on Fe, Zr, Ti and rare metals [15], keeping in their content elements with
a very good biocompatibility. The alloy used in this work is one such example with Ti,
Ta and Zr [16] containing a small amount of Ag, intended to enhance the antibacterial
properties. The microstructure and characteristics of the new alloy have been established
and, for better performance, its surface was modified at micro- and nano-level depending
on the proposed application [17–19].

To prevent toxicity, coatings of the metallic surfaces are widely applied, having the
ability to increase osteointegration and decrease ion release concentration. To obtain new
materials with good biocompatibility using the coating method, bioactive materials are
needed. Coatings such as hydroxyapatite (HA) [20–22], bioactive glass (BG) and glass-
ceramic [23–28] composite materials based on biopolymers and ceramic materials [29,30]
are commonly used. HA-based materials act like a bone composed of collagen as an
organic phase and an inorganic phase [31]. Hybrid materials also use biopolymers, such as
alginate or chitosan (Ch), and ceramic particles as a bioactive glass with good mechanical
properties and biocompatibility [32]. Active molecules, antibiotics, proteins and enzymes
can also be attached to the hybrid sustainable coatings [32,33]. For biomedical applications,
bioactive glass is an important type of coating, having the possibility to form chemical
bonds with the surrounding tissue. Bioactive glass was discovered by Hench and coworkers
in the late 1960s and early 1970s and is known as 45S5 or Bioglass® [34,35]. To increase the
biocompatibility of the glass, boron is incorporated [36]. In bioactive glass coatings, chitosan
is used as an organic phase, derived from chitin, a natural polymer with antibacterial
properties [37]. The electrophoretic deposition (EPD) in the aqueous electrolyte is one of
the methods used in this regard [38] to produce hybrid coatings for dental and orthopedical
application [39–42].

The purpose of this paper is to obtain new multifunctional coatings based on chitosan,
bioglass and ZnO. In this study, the deposition is carried out on a 73Ti-20Zr-5Ta-2Ag alloy.
Using coatings with carefully selected materials as a strategy for improving the surface
material properties was one of the aims of this study. Such experiments represent novel
investigations entirely and new formulations based on chitosan (Ch), bioglass (BG) and
ZnO were proposed as multifunctional coatings to be deposited. The suspensions used for
deposition were studied in detail, determining the stability of the particles in suspension.

The surface analysis coupled with compositional and structural techniques completed
this paper’s investigations.

The research hypothesis and the investigation motivation in selecting this alloy to be
coated is based on previous knowledge that, being an MEA, this alloy has better mechanical
properties, much closer to human bone than conventional alloys. Studies of coatings on
this particular alloy were never presented in previous papers and the formulation with
well-selected biocompatible components elaborated and characterized in this study could
lead to the improvement in implant applications.

2. Materials and Methods
2.1. Substrate Preparation

73Ti-20Zr-5Ta-2Ag alloy samples (Ø20 mm × 1 mm) were polished using SiC paper
with increasing grits from P800 to P3600 (Buehler, Lake Bluff, IL, USA), cleaned in an
ultrasonic bath with acetone, ethanol and distilled water 10 min each, then etched by
immersion in an acid mixture of 3HNO3:1HF:2H2O (volume ratios) for 10 s. A control
sample (henceforth P0) was preserved for surface analysis.

2.2. Solution Preparation and Film Deposition

Chitosan (190–310 kDa, 78–85% deacetylation, Sigma-Aldrich, Saint Louis, MO, USA),
pure water (Purelab Option R7BP, ELGA, High Wycombe, UK), acetic acid (Sigma-Aldrich),
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bioglass (BG-45S5, 0.2-250 µm) and ZnO (<50 nm) were used to prepare the suspension.
The chitosan (0.5 g/L w/v) was dissolved in 1% acetic acid solution under stirring for
4 h. BG and ZnO were added to the chitosan solution in various mass ratios. In Table 1,
the mixtures fabricated for this work are listed. In order to obtain an adequate dispersion
of the suspension components, the mixture was magnetically stirred for 60 min, then
ultrasonicated for 60 min.

Table 1. List of fabricated samples and components.

Sample Components Chi:(BG:ZnO) Ratio (w/w) BG:ZnO Ratio (w/w)

P1 Ti-Zr-Ta-Ag/Chi - -

P2 Ti-Zr-Ta-Ag/Chi/(BG/ZnO) 1:1 5:1

P3 Ti-Zr-Ta-Ag/Chi/(BG/ZnO) 1:1 1:1

P4 Ti-Zr-Ta-Ag/Chi/(BG/ZnO) 1:1 1:5

P5 Ti-Zr-Ta-Ag/Chi/(BG/ZnO) 2:1 1:5

P6 Ti-Zr-Ta-Ag/Chi/(BG/ZnO) 2:1 1:1

P7 Ti-Zr-Ta-Ag/Chi/(BG/ZnO) 2:1 5:1

The mixture with the best results after zeta potential (ζ-potential) and dynamic light
scattering (DLS) testing was then coated by using a high-power source (PS/EJ30P20,
Glassman High Voltage, Inc., High Bridge, NJ, USA) connected to a pump (Legato 180,
KD Scientific, Holliston, MA, USA) on 73Ti-20Zr-5Ta-2Ag-etched surfaces and then tested
further. The parameters for the deposition were applied voltage 20 kV, flow rate 0.5 mL/h,
needle to sample distance 10 cm.

The sample preparation process is schematically represented in Figure 1.
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Figure 1. Schematic representation of sample preparation process.

2.3. Sample Characterization

The ζ-potential was measured for the suspension used to coat the alloy samples by
microelectrophoresis (Zetasizer Nano ZS, Malvern Instruments Inc., Malvern, UK). Before
analysis, the suspensions were diluted 1:100 (v/v) with deionized water. The electric charge
(ζ-potential) was determined by imputing the measured electrophoretic mobility of the
suspended particles in the Helmholtz–Smoluchowski Equation (1).

ζ = EM
4πη

ε
(1)
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where ζ = zeta potential, EM = electrophoretic mobility, η = viscosity of the dispersion
solution, ε = the dielectric constant.

The ζ-potential can be used to determine the stability of suspended particles and can
be controlled by the addition of acids, bases, ion absorption or polyelectrolytes. A low
ζ-potential value is a sign of particle agglomeration, and a high ζ-potential value is a sign
of a lack of sedimentation [43–47].

The particle size was estimated by DLS using a Zetasizer Nano ZS size analyzer
(Malvern Instrument, Ltd., Malvern, UK) with parameters adjusted for each sample. The
equivalent spherical diameter of the particles in the suspension is calculated by applying
the Stokes–Einstein Equation (2).

d =
kT

3πρD
(2)

where d = spherical diameter, k = Boltzmann constant, T = absolute temperature, ρ = viscosity
of the dispersion solution, D = particle diffusion coefficient.

The morphology of the samples was analyzed by Scanning Electron Microscopy
(SEM) using a Hitachi SU 8230 (HITACHI High-Technologies Corporation, Tokyo, Japan)
equipped with Energy Dispersive X-ray (EDX) analyzer (Oxford Instruments, Abingdon,
UK) using an accelerating voltage of 10 kV, a chamber pressure of approx. 8 × 10−4 Pa and
a working distance of approx. 9 mm.

Fourier transform infrared spectroscopy (FT-IR) analysis was performed using a
Perkin-Elmer Spectrum 100 (Perkin-Elmer, Shelton, CT, USA), in absorbance mode, in the
range 600–4000 cm−1.

Roughness determinations were performed using an RT1200 roughness tester (PCE
Instruments, Southampton Hampshire, UK).

Contact angle measurements were performed using a CAM100 optical contact an-
gle equipped with a surface tension meter from (KSV Instruments—Espoo, Finland).
Static contact angle measurements were performed using ultrapure water. An amount of
5 µL droplets was placed on the surface of the samples and the contact angle values
were measured immediately after droplet placement. The values represent the median of
5 measurements.

3. Results
3.1. Zeta Potential and Average Particle Size

In Figure 2, the ζ-potentials of the suspensions used to coat the alloy samples are
presented. All the mixtures had a good stability; however, a slight decrease in the stability
was observed with the increase in the ceramic component, this behavior being due to the
large dimensions of the BG. The addition of ZnO led to an increase in the stability due to
the overall positive charge of the ZnO particles [48]. The positive value of the ζ-potential
also supports the presence of chitosan on the surface of the prepared nanocomposite since
the chitosan is positively charged [49].

Statistical comparisons of the ζ-potential data groups were analyzed by Beanplot [50]
(Figure 1). Broadly, the samples can be divided into three groups: Group 1 containing
only the control sample P1, Group 2 represented by samples P2, P3 and P4 with the 1:1
Chi:(BG:ZnO) ratio which show similarities and Group 3 represented by the samples P5,
P6 and P7 with the 2:1 Chi:(BG:ZnO) ratio. Apart from the control sample P1, the sample
which shows the greatest difference from the others is sample P5. The observed increase in
the ζ-potential values for P5 can be attributed to the synergistic effect given by the greater
quantities of ZnO and chitosan which are positively charged.

The highest stability was detected for sample P5 with a ζ-potential of 74.6 mV, the
first signs of sedimentation appearing after approximately 102 h. The DLS results for
the mixtures used to coat the alloy samples (Figure 3) show that the mean size of the
particles (D50 Z-ave) is approximately in the range 0.9–2.5 µm. The smallest Z-ave values
were observed for P5. The sedimentation rate of a suspension depends on the size of
the particles, the shape, density as well as on the viscosity of the fluid in which they are
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suspended. Smaller particle sizes lead to a longer sedimentation time. The high stability
of P5 was probably due to the higher polymer to ceramic ratio, which prevented the
agglomeration of the suspended particles.
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3.2. Surface Morphology

For the surface morphology analysis, three samples were selected: P0—the reference
sample, P1—the alloy coated with chitosan and P5—the sample with the optimum ζ-
potential value and longest sedimentation time.

The control samples’ (P0) surface (Figure 4a) is covered with complex oxides resulting
from the etching process. Small (0.7–1 µm) silver formations are present, scattered on the
surface and visible as bright regions in the images. The formations seem to have a tendency
for agglomeration, many of them being present on the surface as clusters. Clustered
nanopores of around 400–500 nm were observed in the metallic oxide stratum.
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The surface of sample P1 (Figure 4b) is covered with a thin chitosan film. The electron
beam could penetrate the film, so the metallic oxide structures from beneath are visible at
higher magnifications.

On the surface of sample P5 (Figure 4c), the ceramic particles are well dispersed in
the polymeric matrix, with sizes between 1 and 10 µm. It seems that during the deposition
or drying process, the agglomeration of particles occurred, leading to larger particle sizes
than in the dispersion.

3.3. Coating Composition

Energy dispersive X-ray spectroscopy (EDX) was used to determine the composition
of the surfaces of the samples. In Figure 3, the EDX spectra and relative atomic weight
composition for three representative samples are presented. The surface of sample P0
(Figure 5a) is mainly composed of metallic oxides produced after the etching process.
Sample P1 (Figure 5b) shows the increase in carbon percentage from the coating with
the chitosan solution. On sample P5 (Figure 5c), all the components from the mixture
containing chitosan, bioglass and ZnO are shown to be present on the surface.

FT-IR analysis (Figure 6) was performed for each suspension component, their mixture
and alloy samples both bare and covered. Characteristic IR absorption peaks of functional
groups could be identified and attributed for each component.
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For the ZnO powder, the peak found at 625 cm−1 was attributed to Zn-oxygen
stretching and an O-H stretching peak from absorbed water molecules was observed
at 3700–3184 cm−1. The following peaks were attributed to chitosan particles: C-O-C
stretching at 1001 cm−1, C-O stretching at 1066 cm−1, CH2 bending at 1423 cm−1, N-
H bending at 1645 cm−1, C-H stretching at 2877 cm−1 and N-H and O-H stretching
at 3291–3361 cm−1 [51]. The bioglass powder has characteristic peaks at 800 cm−1 and
1001 cm−1, attributed to Si-O vibration and Si-O-Si vibration, respectively. For the etched
uncovered Ti-Zr-Ta-Ag alloy, the following peaks were attributed: Ti-O stretching at
690 cm−1, Ta-O stretching at 750 cm−1 and Zr-O stretching at 1500 cm−1. The peaks
at 1420–1330 cm−1 and 3700–3184 cm−1 were attributed to O-H bending and O-H stretch-
ing from water molecules [52,53]. When the covered Ti-Zr-Ta-Ag alloy samples were
analyzed, all the peaks from the different mixture components were present.

3.4. Contact Angle and Surface Roughness

The contact angle and surface roughness of all the samples are presented in Figure 7.
The increase in the contact angle in the case of the chitosan coating can be attributed to
the molecular structure of chitosan. Probably, the absence of groups capable of hydrogen
bonds on the surface of the chitosan film can explain the often-observed hydrophobic
nature of the chitosan films. The addition of the ceramic mixture leads to an increase in the
contact angle, as can be seen from the experimental determinations. The surface roughness
can be correlated with the SEM morphology, noting that the coatings containing larger
particles lead to obtaining surfaces with a higher roughness. However, in this case, the
contact angle values are more dependent on the chemistry of the samples than on the
surface morphology.Coatings 2023, 13, x FOR PEER REVIEW 10 of 14 
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4. Discussion

Particles with ζ-potentials higher than +30 mV or lower than −30 mV are considered
to have moderate stability, while high stability is generally ensured by ζ-potential values
more negative than −50 mV or more positive than 50 mV [54]. These values can ensure a
sufficient electrostatic repulsion to generate stability over a longer period of time.

Particles suspended in the fluid medium are influenced by the interaction of three
different forces: the van der Waals force of attraction, the electrostatic repulsion force and
the steric (polymeric) force (not always present). To have a stable suspension, repulsive
electrostatic and/or steric forces must be dominant against the van der Waals force that
tries to agglomerate the particles. Another way to improve the suspendibility of particles is
the interaction with polyelectrolytes (e.g., chitosan). If the polyelectrolyte has an opposite
charge compared to the solid surface particle, the polyelectrolyte and the particle can bind
to each other. The rest of the polymer chain acts as a micelle around the particle, increasing
the suspending capacity, while its chain holds the other polymer chains apart through
electrosteric forces (steric repulsion) [55].

Three types of samples were prepared and characterized: etched 73Ti-20Zr-5Ta-2Ag
(P0), etched 73Ti-20Zr-5Ta-2Ag covered only with chitosan (P1) and etched 73Ti-20Zr-5Ta-
2Ag covered with the Chi:(BG:ZnO) mixture which showed the greatest stability (P5).

Sample P0 was covered with complex oxides (Figure 4a,a’) resulting from the etching
process formed mainly from Ti and Zr, as evidenced by the EDX (Figure 5a) and FT-IR
(Figure 6). The presence of Ag particles scattered on the surface indicates that the alloy is
not homogeneous at a micro-level. The grooves and pores present on the surfaces of the
alloy samples are the result of the competition between the processes of oxide forming and
oxide dissolution. The shapes of these structures are characteristic of TiZr alloys [56].

At low magnifications (Figure 4b), sample P1 was found to be covered completely
with a thin chitosan film, which became transparent for the SEM electron beam at higher
magnifications. The structures shown at higher magnifications (Figure 4b’) are those of the
etched Ti-Zr-Ta-Ag sample and are similar to those found on sample P0. The evidence for
the chitosan film comes from the EDX (Figure 5b), where a carbon peak was recorded and
FT-IR (Figure 6) analysis where the recorded spectrum of P1 was virtually identical to the
one recorded for pure chitosan.

Sample P5 (Figure 4c,c’) was found to be homogeneous, with a good dispersion of
ceramic particles present in the chitosan film. Only the smaller particles seem to have been
deposited on the sample, the larger particles probably being too heavy to be transported by
the electrical field during the electrospinning process. Some agglomeration was expected
to take place during the slow drying process, resulting in observed particles being larger
than those recorded during the DLS measurements. The composition detected by the EDX
(Figure 5c) shows the presence of all the ceramic components.

A slight peak shift in the region pf 1645 cm−1 attributed to N-H bending hints that the
chitosan forms complexes with the introduced ceramic elements [57].

The variation in the contact angles and roughness values could be discussed, taking
into account the conclusion of the selected acid pretreatment of the alloy substrate based
on recently acquired knowledge [58]. As expected, the contact angle values of the coated
samples are in the hydrophilic domain but higher compared to the uncoated alloy values.
Such behavior is promising for better adherence to cells in a future bioapplication [59].

5. Conclusions

Mixtures containing different amounts of chitosan, bioglass and ZnO were fabricated
and analyzed. DLS and ζ-potentials measurements determined that the most stable mixture
had the component ratio 2Chi:1(1BG:5ZnO) and had the smallest suspended particle size
and the most positive potential. This mixture was deposited on previously etched 73Ti-20Zr-
5Ta-2Ag alloy samples and further analyzed. SEM analysis revealed that the coated sample
had good homogeneity. EDX analysis corroborated with FT-IR spectroscopy revealed that
all the ceramic components were present on the surface of the samples and that the chitosan
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formed complexes with metals from the solid components of the mixture. The contact angle
values are higher for the coated samples but remain in the hydrophilic domain as a usual
characteristic for bioactive and biocompatible coatings. The rougher surfaces obtained after
coating are a promoter for better cell adherence, a condition of osseointegration process
and good implant behavior.
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