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Preface

The Reprint “Ceramic and Metallic Biomaterials Application in Medical Sciences” presents
recent advances in the development, characterization, and application of innovative materials
designed to address pressing challenges in modern healthcare. The subject of this collection spans
from fundamental investigations of coatings, alloys, and composites to practical strategies for
improving implant integration, combating microbial colonization, and enabling new diagnostic and
therapeutic approaches.

The scope of the Reprint is deliberately broad, encompassing both ceramic and metallic systems,
as well as hybrid and nanostructured materials. Research topics include antibacterial surface
treatments, bioactive and biocompatible coatings, porous titanium alloys for bone regeneration,
magnetic nanomaterials for theranostic applications, and advanced manufacturing techniques such
as additive manufacturing and sol-gel deposition. In addition, the Reprint features comprehensive
review articles that consolidate current knowledge on dental implants, orthopedic devices, and
structural optimization of biomaterials.

The aim of this Reprint is to highlight how the design and engineering of biomaterials can
bridge laboratory innovation with clinical application. By gathering diverse yet complementary
contributions, it seeks to provide a platform for advancing our understanding of how material
properties—mechanical, chemical, and biological—can be optimized to improve patient outcomes.

The motivation for compiling this work lies in the growing demand for safer, more effective, and
more personalized medical solutions. As populations age and chronic conditions become increasingly
prevalent, the need for biomaterials that support tissue regeneration, resist infection, and integrate
seamlessly into the body is more urgent than ever.

This Reprint is addressed to researchers, clinicians, engineers, and industry professionals who
are engaged in the fields of biomaterials science, biomedical engineering, and medical device
development. It will also serve as a useful reference for graduate students and academics seeking

to understand the state of the art in this rapidly evolving domain.

Oana-Georgiana Dragos-Pinzaru
Guest Editor
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Editorial
Special Issue: Ceramic and Metallic Biomaterials Nanoparticles
for Applications in Medical Sciences

Gabriela Buema, Dumitru-Daniel Herea and Oana-Georgiana Dragos-Pinzaru *

National Institute of R&D for Technical Physics, 700050 Iasi, Romania; gbuema@phys-iasi.ro (G.B.);
dherea@phys-iasi.ro (D.-D.H.)
* Correspondence: odragos@phys-iasi.ro

Nowadays, the development of new materials that can be used to treat, repair, diag-
nose, replace, or restore a function of the human body represents one of the key research
topics for the worldwide scientists and medical industries. For example, metallic nanoparti-
cles are studied for possible applications in biomedicine such as the manipulation of living
cells (transportation, displacement, positioning, or cell separation) or cancer detection and
treatment. Another important class of compounds that has attracted the attention of the
scientific community is represented by ceramic biomaterials, which can be used for the
replacement of various types of tissues (as implants or for the repair and reconstruction of
various diseased parts of the body). The outperformance of a biomaterial is determined by
its crystalline structure, microstructure, (such as grain size or porosity), biocompatibility,
corrosion resistance, or mechanical properties. In this context, the development of new
biomaterials with improved physical and mechanical properties and a low production cost,
high availability, and good esthetics is imperative. This short review aimed to explore
the innovative progresses in the field of biomaterials used for biodetections, treatment, or
replacement of injured tissues in order to develop practical solutions for clinical practice.

Ceramic biomaterials can be used in a wide range of biomedical procedures, such as
tooth replacement or restoration [1,2], knees, ligaments, or tendons [3], bone implants [4],
maxillofacial reconstruction [5,6], or particle transport inside the body to the vicinity of the
target by applying an external magnetic field [7], etc.

Together with magnetic nanoparticles, ceramic materials can be used to treat cancer
diseases by destroying tissues by hyperthermia or magneto-mechanical effects. The advan-
tages to use material in “nano” form for applications in medicine are related to the fact that
these materials retain both “bulk” properties, but also gain a number of special properties
due to their small size, and large surface area or “aspect ratio” (shape) [8,9]. Interesting
new properties of nanoparticles can be obtained by preparing bi-metallic nanomaterials
in the form of alloys or core-shell structures. The performance of these types of materials
often exceeds those of simple metals. The form and structure of the nanomaterial, as well
as its physical and chemical characteristics, vary as the metal components are changed.

The large number of studies presented in the literature related to the synthesis and
properties of magnetic nanoparticles demonstrate the importance of nanomaterials whose
properties make them useful both in diagnosis and in treatment of many diseases. One
of the main characteristic of magnetic nanomaterials is represented by the fact that such
materials can be guided (moved) or held in place by a magnetic field. Another important
property that makes this type of material suitable to be used in bio-medicine is that magnetic
nanomaterials can be heated by an applied magnetic field. Thus, the data presented in the
literature show that magnetic nanoparticles can be used to transport drugs in the body, for
the treatment of cancer (by hyperthermia or magneto-mechanical effect), and as contrast
agents for cancer cell visualization [10-12], etc.

One of the disadvantages of the use of magnetic nanoparticles for biomedical appli-
cations is related to the cytotoxicity of these materials and to the fact that these materials
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can be degraded in the human body. To avoid degradation and toxicity, the surface of the
nanomaterials is coated with a layer of organic compound (for example polyethylene glycol
(PEG), dextran, or oxide layer [13,14]). The encapsulation of magnetic nanoparticles in an
organic compound layer increases the circulation time of nanoparticles in the body, making
the nanomaterials biocompatible [15]. However, due to the high reactivity of the organic
compounds in the blood, the organic shell can be degraded by the body, the magnetic
materials re-becoming toxic to the human body. In order to avoid the biodegradation
and reduce their toxicity, a new method has been developed, involving the coat of the
nanoparticles with a noble metal shell, which is non-toxic to the human body and manifests
a low reactivity in the blood.

Given the limitations described above, biological applications need the employment of
magnetic core nanoparticles (with high magnetic moment) encapsulated in a biocompatible
shell. The use of magnetic materials with a high magnetic moment leads to a decrease in the
applied external magnetic field or an increase in the distance from the external magnet. In
this context, nanomaterials containing noble metals and transition simple metals and alloys
can be used for biological testing [16-19]. The unique physical properties of nanomaterials
to selectively recognize biomolecules can lead to the miniaturization of biological sensors,
the literature data showing that magnetic nanomaterials have been extensively studied
for various applications in biomedicine, such as: moving, positioning, or separating cells,
treating cancer, and so on.

Thus, a possible application of magnetic nanoparticles is the manipulation of living
cells (transport—movement, positioning, or separation of cells). In their paper, Choi et al.
developed a technique for transporting and positioning living cells with internalized Ni
nanowires using magnetic field alignment. Thus, Ni nanowires were first internalized
into neuroblastoma cells and then the latter were placed between two electrodes using a
magnetic field. The study allows the creation of an interface between neurons and electronic
devices [20].

Hultgren et al. [21] studied cell separation using Ni nanoparticles. The presented
results showed a higher efficiency of cell separation when this was carried out using Ni
than those obtained by using magnetic beads of comparable volume. Another conclusion
of this study showed that the use of Ni nanoparticles allows the production of purer cell
populations than the use of spherical nanoparticles. The increase in the efficiency of cell
separation when magnetic nanowires are used for this can be attributed, according to the
study, to the fact that Ni nanomaterials have a higher magnetic moment. The effectiveness
of cell separation with Ni nanoparticles compared to that achieved with magnetic nanopar-
ticles was also studied by Gao et al. [22]. The authors demonstrated that functionalized Ni
nanoparticles in the shape of nanowires have a higher cell separation efficiency compared
with magnetic nanoparticles with spherical shape, even at a concentration 60 times lower.

Another possible important application of magnetic nanomaterials is the use of these
materials for cancer treatment. In the presence of a magnetic field, the magnetic nanomate-
rials can be heated or rotated so that they can transmit either heat, or a mechanical force to
the cells they come in contact with, thus helping to eradicate cancer cells. Due to the shape
anisotropy and the increased magnetic moment of materials in shape of nanowires, it is
possible to perform hyperthermia at lower field strengths in order to minimize damage to
healthy cells.

Another well-defined class of highly exploited metallic materials for biomedical appli-
cations is represented by noble metals, especially gold and silver nanoparticles. Currently,
the most known route to quickly synthesize colloidal gold is the Turkevich method that uses
sodium citrate both as a reduction agent of chloroaurate and stabilizer of the synthesized
AuNPs. Moreover, green methods relying on different natural reduction agents, such as
plant extracts, algae, and bacteria, are also used to produce stable and non-toxic colloidal
gold for biomedical applications [23].

Due to their tunable size, shape, and specific optical properties, AuNPs have been
used in biomedical imaging (e.g., X-ray-computed tomography, photo-acoustic imaging,
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dark field microscopic imaging, magnetic resonance imaging, and fluorescence imaging),
immunoassay (ELISA, and lateral flow, which is the most used immunoassay method
for SARS-CoV-2 detection), nanomedicine (e.g., drug-targeted drug and gene delivery),
photothermal/photodynamic therapy (e.g., cancer treatment), and biosensing (e.g., electro-
chemical, colorimetric, or fluorescence-based sensing, but also surface plasmon resonance
biosensors and surface enhanced Raman scattering based sensors) [23,24].

AuNPs are also the most commonly used in vaccinology. Once administered, they are
quickly internalized by macrophages and dendritic cells, inducing their activation [25,26].
AuNPs have attracted huge interest in vaccinology due to their reliable surface functional-
ization, high biocompatibility, customized dimensions and shapes, and excellent optical
properties. Moreover, owing to their inertness, AuNPs can be exploited both as delivery
agents and adjuvants in vaccines, being able to boost the immune responses while assur-
ing minimal toxicity [27]. AuNP, with their unique properties, represent ideal platforms
towards a new era of vaccinology. Their high surface area and straightforward functional-
ization allow simultaneous and multivalent antigen presentation and make them excellent
candidates for innovative nano-constructs in the field of vaccine development.

Silver nanoparticles are also of interest in medical sciences due to their anti-inflammatory,
anti-angiogenesis, antiviral, antifungal, and antibacterial effects, being suitable for catheter
modification, dental applications, or wound and bone healing. Moreover, AgNPs showed
promising anticancer effects for several human cancerous cell lines [28].

The studies have revealed the importance of AgNPs as suitable means to treat different
bacterial diseases, from Malaria leishmaniosis to Escherichia coli infections [29]. As a basic
mechanism of action, by releasing silver ions, AgNPs increase the permeability of cell
membranes and induce generation of reactive oxygen species, leading to interruption of
the replication of the DNA [30].

In conclusion, this special issue aims to provides advances in biomaterials research
field for applications in medical sciences. The use of the nanomaterials for biomedical
applications has the potential to lead towards increasing life expectancy and improving
quality of life.
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Abstract: Under natural physiological conditions, the oral cavity is colonized by a diverse
range of microorganisms, which inhabit its anatomical structures as well as prosthetic
restorations and the supragingival surfaces of implants. The metabolic activity of these
microorganisms can contribute to microbiological corrosion, leading to the degradation of
metal prosthetic materials. No material used for prosthetic elements is entirely resistant
to bacterial adhesion. However, the application of protective coatings, such as Ti(C,N)
coatings, on prosthetic surfaces can significantly reduce microorganism adherence. This
study aimed to evaluate the influence of carbon and nitrogen content in Ti(C,N) coatings
on reducing microorganism adhesion. Tests were conducted on five groups of Ni-Cr alloy
specimens, each coated with Ti(C,N) layers containing varying amounts of carbon and
nitrogen. The adhesion of E. coli bacteria and C. albicans fungi was assessed under both
stationary and dynamic flow conditions. Results demonstrated that all tested coatings
significantly reduced microorganism adhesion compared to uncoated Ni-Cr alloy samples.

Keywords: bacterial adhesion; dentistry; Ni-Cr alloy; Ti(C,N) coatings

1. Introduction

The oral cavity, under natural physiological conditions, hosts diverse microbiota, inte-
gral to the functioning of the human organism. Bacteria and fungi are the most abundant,
though protozoa and viruses have also been identified. These microorganisms colonize
all anatomical regions of the oral cavity, with a particular affinity for adhering to hard
surfaces such as teeth, prosthetic restorations, and implant components [1-4]. In the oral
cavity, microorganisms classified as physiological flora can promote plaque accumulation
in areas with increased bacterial retention, such as regions difficult to access during hy-
giene procedures. This process facilitates the permanent adhesion of microbial cells to
surfaces, ultimately leading to the formation of biofilms, including multi-species biofilms.
These biofilms may harbor bacteria associated with the onset and progression of marginal
periodontal diseases [5,6]. Biofilm formation occurs on various surfaces within the oral
cavity, including teeth (as dental plaque), gums, and dentures. The process of microbiologi-
cal colonization begins with the adsorption of proteins onto the surface, followed by the
adhesion of individual microbial cells. Subsequent stages involve microbial proliferation
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and the production of an exopolysaccharide matrix, which binds the cells together and
facilitates the development of three-dimensional biofilm structures [7-11]. The composition
of dental plaque and the extent of colonization are influenced by its specific location within
the oral cavity, the composition of saliva, dietary habits, natural cleansing mechanisms,
and compliance to oral hygiene practices.

Microorganisms present in the oral cavity can contribute to the corrosive degradation
of metal prosthetic materials through microbiologically influenced corrosion (MIC) [12-19].
The accumulation of bacterial plaque on prosthetic surfaces is particularly conducive
to promoting these corrosive processes. Even alloys regarded as corrosion-resistant are
susceptible to colonization by bacteria or fungi capable of initiating corrosion [18-23]. The
metabolic activity of microorganisms contributes to the initiation and/or intensification of
electrochemical and chemical processes, ultimately leading to the corrosive degradation
of materials [24]. Studies by Laurent et al. [25], involving Actinomyces viscosus, have
demonstrated the impact of pathogenic bacteria on the corrosion resistance of dental alloys.
Potentiodynamic measurements revealed a reduction in the corrosion resistance of alloys
colonized by bacteria. Furthermore, microbial metabolic activity can alter the surrounding
environment, promoting the development of physicochemical processes that drive material
degradation [20-22]. Biocorrosion processes on metal surfaces in the oral cavity are driven
by the metabolic activity of bacteria, as well as by enzymes, acids, and volatile substances
such as hydrogen sulfide and ammonia released by microbial cells [26]. Additionally,
fluctuations in the pH of the oral cavity during food consumption play a significant role in
the progression of biocorrosion. These corrosion processes facilitate the release of metal
ions, which can exacerbate oral diseases [27]. Therefore, the selection of alloys for dental
applications must carefully consider their interactions with the biotic factors present in the
oral environment.

Prosthetic restorations are constructed from a variety of materials, including metallic
options such as base metal alloys, noble metals and titanium and its alloys, as well as
non-metallic materials like ceramics and plastics. However, no material is entirely immune
to bacterial adhesion, including gold, titanium, and their alloys [11]. When analyzing the
bacterial colonization of prosthetic surfaces, several parameters of the material’s surface
layer must be considered, including surface roughness, wettability, surface free energy
(SFE), chemical composition, surface charge, and the presence of proteins [4,19,28-30].

Base metal alloys, despite their numerous drawbacks, are likely to remain in use for
an extended period, particularly in prosthetics and orthodontics, as a more cost-effective
alternative to gold and platinum alloys. Their application in prosthetic restorations is
further supported by their favorable mechanical and technological properties. However,
the use of base metal alloys is associated with the risk of allergic reactions, including contact
allergies, due to the cytotoxicity of certain constituent elements. In the search for innovative
solutions for the reconstruction of missing teeth that meet health, strength, and economic
criteria, various surface modifications of prosthetic elements can be considered. The toxicity
of non-precious metal alloys can be mitigated through the application of protective layers
and coatings [8,31,32]. These coatings, typically based on carbides, oxides, or nitrides of
various metals [31-34], serve not only to protect against corrosion but also to enhance wear
resistance and prevent the migration of harmful ions from the substrate into the oral cavity.
Studies have demonstrated that such coatings can also reduce bacterial adhesion on the
coated surfaces [5,7,27,34,35].

Among the various types of coatings, TiC and TiN coatings are relatively widely
used. Research has demonstrated that these coatings possess notable mechanical and
biological properties [36-38]. Their primary application has been as coatings for various
types of implants [34,35,39]. However, their favorable properties also suggest potential
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for use as protective coatings on prosthetic elements made from non-precious alloys.
These coatings enhance wear resistance, improve corrosion resistance, and act as a barrier,
reducing the release of ions from the substrate into the surrounding environment [36,40,41].
A particularly advantageous feature of these coatings is their substantial reduction of
the cytotoxic effects associated with chromium-cobalt and chromium-nickel prosthetic
alloys [42,43].

Previous studies have demonstrated that surface modifications can effectively reduce
microbial adhesion. Ti(C,N)-type coatings are hypothesized to exhibit similar properties.
The objective of this study was to evaluate the potential of Ti(C,N)-type coatings in re-
ducing the adhesion of fungi and bacteria to specimen surfaces and to identify which
coating composition offers the greatest efficacy in minimizing microbial adhesion. The null
hypothesis is that Ti (C,N) coatings do not influence the adhesion of bacteria and fungi.

2. Materials and Methods

Cylindrical specimens with a diameter of 8 mm and height of 10 mm, made from Ni-Cr
alloy, were used as the research material. The initial composition of the alloy, determined by
X-ray fluorescence analysis using a SIEMENS XRS300 spectrometer (SIEMENS, Karlsruhe,
Germany), is presented in Table 1.

Table 1. Composition of Ni-Cr alloy.

Element Percentage by Weight [wt%]
Cr Mo Si Fe Co Mn Ni
24.79 8.89 1.57 1.33 0.17 0.12 residue

The cylinders were divided into six groups, with 20 samples in each group. The
control group (S0) consisted of cylinders without coating, while the remaining five groups
were coated with Ti(C,N) layers of varying carbon and nitrogen contents. The deposition
process conditions and chemical composition of coatings on Ni-Cr alloy (S0) were detailed
in previously published studies [40]. Prior to the application of the coatings, the surfaces of
the specimen substrates were polished. Following this treatment, the surface roughness
(Ra) values ranged from 0.375 to 0.418 pm.

After coating, the specimens were cleaned with distilled water using an ultrasonic
cleaner and subsequently sterilized in steam at 121 °C for 21 min using a Prestige Medical
autoclave (Prestige Medical, Blackburn, UK).

Twenty samples from each group were divided into four subgroups, with 5 samples per
subgroup. The subgroups were assigned to incubation with bacteria (two subgroups—one
in stationary incubation and the other in flow incubation) and to incubation with fungi (two
subgroups—one in stationary incubation and the other in flow incubation).

Samples from each group were placed in 100 mL of LB medium (for E. coli) or YPG
medium (for C. albicans). A standardized number of cells (E. coli bacteria and C. albicans
fungi), derived from cultures in the logarithmic growth phase, were introduced into the
medium. A standardized laboratory method was developed to analyze specimens in
suspensions of bacteria or fungi during their logarithmic growth phase. In this method, an
inoculum containing 2 x 10% E. coli cells or 3.5 x 10* C. albicans cells was introduced into a
sterile medium, resulting in a final bacterial or fungal cell density of 2-3 x 10® cells per
milliliter. Cultures were incubated for 24 h at 37 °C. After incubation, the specimens were
aseptically removed from the bioreactor and rinsed with sterile distilled water to remove
non-adherent microorganisms. The sample surfaces were then examined to count adherent
bacterial or fungal cells using a fluorescence microscope. Observations were performed
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with an Olympus GX71 inverted fluorescence microscope equipped with a DP 73 digital
camera. Image acquisition was conducted using Stream software (Stream Essential 1.9),
while cell counting was performed with the Image J software (version no. 1.54K), utilizing
the “cell counter” add-on.

The level of surface colonization was assessed using Live/Dead staining with two
fluorescent dyes: bis-benzidine (Sigma-Aldrich, Saint Louis, MO, USA) and propidium
iodide (Sigma-Aldrich, Saint Louis, MO, USA). Bis-benzidine penetrates bacterial cells
and intercalates with DNA, emitting a white-blue fluorescence under UV light, thereby
identifying viable cells. In contrast, propidium iodide binds to DNA but does not penetrate
intact cell membranes, resulting in the visualization of dead cells in red. The tests were
conducted under two independent conditions: stationary culture and flow culture. For
flow culture, stationary samples were placed in a bioreactor, and medium circulation was
maintained by the motion of an electromagnetic stirrer at a velocity of approximately
2 cm/s. Five images were captured of each specimen at different locations, resulting in
25 measurements per group.

The Ti-6Al-4V alloy specimen was used as the control group for comparisons.

Five images were captured of each specimen at different locations, resulting in 25 mea-
surements per group.

The results were statistically analyzed using IBM SPSS Statistics, version 29 (IBM
Corp., Armonk, NY, USA). The Shapiro-Wilk test for normality (p < 0.05) was applied to
assess the normality of the variables. Due to a non-normal distribution, non-parametric
Kruskal-Wallis tests followed by multiple comparisons with the Bonferroni correction were
used to compare specimen types within the variables. A significance level of 5% (x = 0.05)
was adopted.

The analysis aimed to determine whether the chemical composition of Ti(C,N) coat-
ings influences:

e  the number of adhered bacterial and fungal cells;
e the percentage of viable bacterial and fungal cells.

The results of the statistical analysis for the individual groups are presented in
Figures 1-8 and Tables 2-13. A significance level of & = 0.05 was applied to all analyses.

3. Results

The results of the tests on the total number of adhered bacteria, including viable
bacteria, under stationary conditions are presented in Table 2.

Table 2. Adhered bacteria count under stationary conditions.

Adhered Bacteria Cell Count Viable Bacteria Cell Count Viable Bacteria Cell Percentage

Group

Mean SD Mean SD Mean SD
S0 281 14.2 171 18.2 61 13.1
S1 152 4.2 135 13.1 89 6.2
S2 100 5.1 83 11.0 83 5.9
S3 98 4.2 79 9.6 81 5.1
S4 58 4.6 44 15.1 76 10.2
S5 63 7.8 54 15.5 85 10.8

Table 3 shows the corresponding results for bacteria in flow conditions.
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Table 3. Adhered bacteria count under flow conditions.

Adhered Bacteria Cell Count Viable Bacteria Cell Count Viable Bacteria Cell Percentage

Group
Mean SD Mean SD Mean SD
S0 271 5.8 179 5.4 66 2.8
S1 79 1.7 66 13.9 84 7.9
52 98 2.2 78 19.2 80 12.2
S3 84 2.5 66 15.1 78 8.4
54 103 2.4 76 21.3 74 14.3
S5 97 1.9 70 20.1 72 11.4
Table 4 presents similar adhesion results for fungal cells under stationary conditions,
while Table 5 provides the results for flow conditions.
Table 4. Adhered fungi count under stationary conditions.
G Adhered Fungi Cell Count Viable Fungi Cell Count Viable Fungi Cell Percentage
rou
P Mean SD Mean SD Mean SD
S0 265 8.6 173 5.7 65 2.8
S1 160 51 111 5.6 70 2.6
52 97 47 82 4.5 85 2.3
S3 89 5.5 68 3.9 76 2.1
54 83 42 65 4.3 78 22
S5 51 3.2 43 2.3 84 1.8
Table 5. Adhered fungi count under flow conditions.
G Adhered Fungi Cell Count Viable Fungi Cell Count Viable Fungi Cell Percentage
rou
P Mean SD Mean SD Mean SD
S0 198 6.7 107 6.3 54 3.1
S1 105 4.9 84 9.4 80 5.1
52 67 52 44 12.6 66 8.5
S3 63 51 43 4.5 68 2.1
54 58 3.6 36 19.1 62 16.4
S5 39 2.3 21 6.2 55 3.5

3.1. Bacteria—Stationary Conditions

The data presented in Figure 1 and Table 6 show that all Ti(C,N)-type coatings resulted
in a decrease in the number of adhered bacteria on the surfaces of the coated samples.
For all coated groups, the differences in the number of adhered bacteria compared to the
uncoated group were statistically significant. However, when comparing the coated groups,
statistically significant differences were observed between group S1 and groups S3 and S5,
as well as between group S2 and group S5. In all other comparisons, the differences were
not statistically significant.
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Figure 1. Adhered bacteria count on specimens from each group.

Table 6. Kruskal-Wallis test p-values for the number of adhered bacteria under stationary conditions.

p-Value
Tested Groups
So S1 S2 S3 S4 S5

S0 0.0475 0.0346 0.0117 p < 0.0001 p <0.0001
S1 0.0475 1.0000 0.5621 0.0003 p <0.0001
52 0.0346 1.0000 1.0000 0.1985 0.0485
S3 0.0117 0.5621 1.0000 0.4572 0.1276
54 p <0.0001 0.0003 0.1985 0.4572 1.0000
S5 p <0.0001 p < 0.0001 0.0485 0.1276 1.0000

The data presented in Figure 2 and Table 7 show that all Ti(C,N)-type coatings resulted
in a percentage increase in the number of viable bacteria adhering to the surfaces of the
coated samples. For all coated groups, the differences in the number of adhered bacteria
compared to the uncoated group were statistically significant. However, when comparing
the coated groups, statistically significant differences were observed between group S1 and
groups 54 and S5, as well as between group S2 and group S5. In all other comparisons, the
differences were not statistically significant.
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Figure 2. Viable bacteria percentage on specimens from each group.
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Table 7. Kruskal-Wallis test p-values for the percentage of viable bacteria under stationary conditions.

Tested Groups p-Value
S0 S1 S2 S3 S4 S5
S0 p <0.0001 p <0.0001 0.0117 0.0346 0.0297
S1 p <0.0001 1.0000 0.5621 0.0003 p <0.0001
52 p <0.0001 1.0000 1.0000 0.1985 0.0485
S3 0.0117 0.5621 1.0000 0.4572 0.1276
5S4 0.0346 0.0003 0.1985 0.4572 1.0000
S5 0.0297 p <0.0001 0.0485 0.1276 1.0000
3.2. Bacteria—Flow Conditions
The data presented in Figure 3 and Table 8 show that all Ti(C,N)-type coatings resulted
in a decrease in the number of adhered bacteria on the surfaces of the coated samples.
For all coated groups, the differences in the number of adhered bacteria compared to the
uncoated group were statistically significant. However, when comparing the coated groups,
statistically significant differences were observed between group S1 and groups S2, 54, and
S5, as well as between group S3 and group S4. In all other comparisons, the differences
were not statistically significant.
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Figure 3. Adhered bacteria count on specimens from each group.
Table 8. Kruskal-Wallis test p-values for the number of adhered bacteria under flow conditions.
Tested Groups p-Value
S0 S1 S2 S3 S4 S5
S0 0.0001 0.0001 0.0001 0.0001 0.0001
S1 0.0001 0.0004 0.4340 0.0001 0.0059
52 0.0001 0.0004 0.0653 0.9063 0.9222
S3 0.0001 0.4340 0.0653 0.0039 0.4340
54 0.0001 0.0001 0.9063 0.0039 0.3508
S5 0.0001 0.0059 0.9222 0.4340 0.3508
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The data presented in Figure 4 and Table 9 show that, compared to the uncoated
group, statistically significant differences in the percentage of viable bacteria were observed
in groups S1, S2, and S3. No statistically significant differences were found in groups 54
and S5. When comparing the coated groups, statistically significant differences were
observed between group S1 and group S4, as well as between group S2 and group S4. In all
other comparisons, the differences were not statistically significant.
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Figure 4. Viable bacteria percentage on specimens from each group.

Table 9. Kruskal-Wallis test p-values for the percentage of viable bacteria under flow conditions.

O Mediana
[] 25% - 75%
T Min = Max

Tested Groups p-Value
S0 S1 S2 S3 S4 S5

S0 p <0.0001 p <0.0001 0.0161 1.0000 1.0000
S1 p <0.0001 1.0000 0.0658 0.0001 0.0728
52 p <0.0001 1.0000 1.0000 0.0286 1.0000
S3 0.0161 0.0658 1.0000 1.0000 1.0000
54 1.0000 0.0001 0.0286 1.0000 1.0000
S5 1.0000 0.0728 1.0000 1.0000 1.0000

3.3. Fungi—Stationary Conditions

The data presented in Figure 5 and Table 10 show that all Ti(C,N)-type coatings
resulted in a decrease in the number of adhered fungal cells on the surfaces of the coated
samples. For all coated groups, the differences in the number of adhered fungal cells
compared to the uncoated group were statistically significant. However, when comparing
the coated groups, no statistically significant differences were found between group S3 and
group S4. In all other comparisons, the differences in the number of adhered fungal cells

were statistically significant.
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Figure 5. Adhered fungal cell count on specimens from each group.

Table 10. Kruskal-Wallis test p-values for the number of adhered fungal cells under stationary condi-

tions.
Tested Groups p-Value
S0 S1 S2 S3 S4 S5
S0 0.0001 0.0001 0.0001 0.0001 0.0001
S1 0.0001 0.0001 0.0001 0.0001 0.0001
52 0.0001 0.0001 0.0348 0.0001 0.0001
S3 0.0001 0.0001 0.0348 0.1513 0.0001
54 0.0001 0.0001 0.0001 0.1513 0.0001
S5 0.0001 0.0001 0.0001 0.0001 0.0001

The data presented in Figure 6 and Table 11 indicate that, in comparison with the the

uncoated group, statistically significant differences in the percentage of viable fungal cells

were observed in groups S2, 54, and S5. No significant differences were found in groups S1

and S3. However, when comparing the coated groups, statistically significant differences

were found between group S1 and groups S2 and S5, as well as between group S2 and

group S3. In all other comparisons, the differences were not statistically significant.
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Figure 6. Viable fungal cell percentage on specimens from each group.
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Table 11. Kruskal-Wallis test p-values for the percentage of viable fungal cells under stationary

conditions.
p-Value
Tested Groups
S0 S1 S2 S3 S4 S5
S0 1.0000 p <0.0001 0.0422 0.0063 p <0.0001
S1 1.0000 0.0001 1.0000 0.3515 0.0003
52 p <0.0001 0.0001 0.0419 0.4147 1.0000
S3 0.0422 1.0000 0.0419 1.0000 0.0713
S4 0.0063 0.3515 0.4147 1.0000 0.6266
S5 p <0.0001 0.0003 1.0000 0.0713 0.6266
3.4. Fungi—Flow Conditions
The data presented in Figure 7 and Table 12 indicate that all Ti(C,N)-type coatings
resulted in a decrease in the number of adhered fungal cells on the surfaces of the coated
samples. For all coated groups, the differences in the number of adhered fungal cells
compared to the uncoated group were statistically significant. However, when comparing
the coated groups, statistically significant differences were observed between group S1 and
groups 54 and S5, as well as between group S2 and group S5. In all other comparisons, the
differences were not statistically significant.
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Figure 7. Adhered fungal cell count on specimens from each group.
Table 12. Kruskal-Wallis test p-values for the number of adhered fungal cells under flow conditions.
p-Value
Tested Groups
S0 S1 S2 S3 S4 S5
S0 0.0459 0.0255 0.0052 p <0.0001 p <0.0001
S1 0.0459 1.0000 0.3232 0.0032 p <0.0001
52 0.0255 1.0000 1.0000 0.6561 0.0088
S3 0.0052 0.3232 1.0000 1.0000 0.0713
S4 p <0.0001 0.0032 0.6561 1.0000 1.0000
S5 p <0.0001 p <0.0001 0.0088 0.0713 1.0000
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The data presented in Figure 8 and Table 13 indicate that, compared to the group
without coating, statistically significant differences in the percentage of viable fungal cells
were observed only between the S1 and S3 groups. No statistically significant differences
were found in the S2, S4, and S5 groups. However, among the coated groups, significant
differences were observed only between the S1 group and the S4 and S5 groups. In all other
comparisons, the differences were not statistically significant
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Figure 8. Viable fungal cell percentage on specimens from each group.

Table 13. Kruskal-Wallis test p-values for the percentage of viable fungal cells under flow conditions.

p-Value
Tested Groups
S0 S1 S2 S3 S4 S5

S0 p < 0.0001 0.0537 0.0428 1.0000 1.0000
S1 p <0.0001 0.2678 0.3232 0.0015 p <0.0001
52 0.0537 0.2678 1.0000 1.0000 0.1538
S3 0.0428 0.3232 1.0000 1.0000 0.1253
54 1.0000 0.0015 1.0000 1.0000 1.0000
S5 1.0000 p < 0.0001 0.1538 0.1253 1.0000

4. Discussion

The microorganism adhesion studies were conducted in two variants: the stationary
variant and the constant flow variant. This research design was chosen to reflect the
conditions encountered in the oral cavity. During fluid intake, conditions similar to flow
are present, as fluids wash over tissues and prosthetic elements. Conversely, during sleep,
conditions akin to stationary environments prevail, with only minimal flow occurring due
to saliva swallowing.

The presented studies on bacterial and fungal cell adhesion demonstrate that all
Ti(C,N)-type coatings significantly reduce the adhesion of these microorganisms to the
surfaces of the coated samples, compared to the uncoated Ni-Cr alloy surfaces. In each case,
the differences in the number of adhered bacterial and fungal cells between the uncoated
group (S0) and the coated groups were statistically significant. In the case of bacterial
adhesion under stationary conditions, the number of adhered bacterial cells decreased
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compared to the uncoated samples (SO group) by approximately 54% for the S1 group
and up to about 22% for the S5 group. Under flow conditions, the number of adhered
bacteria decreased from approximately 38% for group S4 to about 29% for group S1. When
comparing the groups coated with Ti(C,N) coatings, it is evident that, both in stationary
and flow conditions, all groups exhibited similar behavior. The adhesion of fungal cells
under stationary conditions decreased, compared to the uncoated samples (group S0), from
about 60% for group S1 to approximately 19% for group S5. Under flow conditions, the
number of adhered fungal cells decreased from about 53% for group S1 to around 20% for
group S5.

The obtained results appear to be highly beneficial in terms of preventing inflammatory
complications associated with the introduction of prosthetic restorations into the oral cavity
environment. It is important to note that the formation of a microbiological biofilm on
prosthetic elements, as well as other surfaces, begins with the adhesion of cells. Therefore,
a reduced number of adhered bacteria serves as a key factor in decreasing the likelihood of
biofilm development. Upon analyzing the individual coatings, it appears that, from the
perspective of bacterial adhesion, the coatings in the S5 group (TiN) are the most favorable,
exhibiting the lowest numbers of adhered bacteria. In contrast, the coatings in the S1 group
(TiC) were the least favorable, with the highest levels of bacterial adhesion. However, it
is important to note that these differences were not statistically significant and should be
considered as a trend rather than definitive results. A similar pattern was observed with
fungal cell adhesion, where the coatings in the S5 group (TiN) performed the best, while
the S1 group (TiC) exhibited the poorest performance. Given that the substrate preparation
prior to coating application was consistent (with all samples being polished), the observed
differences in adhesion are likely attributable to the composition of the coatings. It can be
concluded that a higher carbon content in Ti(C,N) coatings appears to promote the initial
adhesion of bacterial cells.

In terms of bacterial and fungal survival, all coatings demonstrated a higher number
of viable microorganisms remaining on the surface of the coated samples compared to the
uncoated samples. The percentage of viable bacteria increased, compared to the uncoated
alloy, by approximately 125% for group S4 and up to 146% for group S1 under stationary
conditions. It should be noted that, under stationary conditions, the differences between
the groups were minimal and not statistically significant. Therefore, it can be concluded
that all coated groups exhibited similar behavior. Under flow conditions, the percentage of
viable bacteria increased from approximately 109% for group S5 to around 127% for group
S1. However, as previously indicated, these differences were not statistically significant in
any of the comparisons. Regarding fungal cell survival under stationary conditions, the
percentage of viable cells increased from approximately 108% for group S1 to about 131%
for group S2. The differences between the coated sample groups were small, and in several
instances, statistically insignificant. In flow conditions, the percentage of viable fungal cells
increased from 102% for group S5 to 148% for group S1. Similarly to stationary conditions,
the differences in the number of viable cells were statistically significant not in all groups.

Considering the role of microorganisms in the processes occurring in the oral cavity,
it seems most reasonable to seek solutions that reduce or eliminate bacterial adhesion
to metal surfaces. One of the simplest approaches is the polishing of the metal surface,
which, by reducing the available surface area for bacterial attachment, can decrease the
number of adhered microorganisms. Such a relationship has been demonstrated in studies
on Co-Cr alloys and ceramics, particularly in the context of Streptococcus mutans adhe-
sion [44]. Similar conclusions were drawn by L.C.M. Dantas et al. in a study evaluating
the effect of surface roughness on bacterial adhesion to various clinical biomaterials. The

16



Coatings 2025, 15, 121

study concluded that manual polishing reduces both surface roughness and bacterial
adhesion [45].

However, this method does not completely eliminate bacteria from the metal surface,
making it necessary to incorporate metal surface coatings into clinical practice. By com-
bining surface polishing of metal prosthetic elements with the application of protective
coatings, the effectiveness can be significantly enhanced compared to polishing alone. As
demonstrated by the presented research results, Ti(C,N)-type coatings are particularly
well suited for this purpose. Similar conclusions were reached by S.E.A. Camargo and
colleagues, who investigated the influence of titanium nitride (TiN) and silicon carbide
(5iC) coatings on the adhesion of Porphyromonas gingivalis bacteria and the activity of
osteoblasts on the surfaces of titanium implants. The results demonstrated that TiN and
SiC coatings can reduce bacterial adhesion while promoting osteoblast adhesion, which
is advantageous for dental implants [46]. Consistent with our findings, titanium-doped
diamond-like carbon (Ti-DLC) coatings have been shown to reduce bacterial adhesion by
up to 75% compared to stainless steel surfaces, highlighting their potential for biomedical
applications [46].

Another crucial aspect is that surface modification through coating can help mitigate
biocorrosion [43,47]. This is highly beneficial, as biocorrosion can lead to metal allergies,
inflammation and potentially even cancer. Nickel ions, in particular, are highly allergenic
and can cause pain, contact dermatitis and erythema in patients [5]. Eliminating these
issues in patients will significantly enhance their comfort with prosthetic restorations. It
is also important to note that saliva plays a key role in regulating biofilm growth [48].
With age, patients become more susceptible to various infections, inflammations and
ulcerations. Additionally, older adults often experience reduced salivary secretion, with
medications further contributing to this reduction [49]. Therefore, efforts to minimize
bacterial and fungal biofilm on the surfaces of metal alloys used in prosthetic restorations
are well founded.

The findings of this study allow for the identification of the coating type that most
effectively reduces microorganism adhesion to surfaces. However, it is important to
recognize that adhesion reduction is not the sole factor influencing the suitability of these
coatings for prosthetic applications. Key considerations include corrosion resistance, wear
resistance, coating adhesion to the substrate, and potential toxicity, as reported in earlier
studies [39—42]. A comprehensive evaluation of all these factors is essential for selecting
the optimal coating. Additionally, it should be noted that prosthetic elements are often
veneered with ceramics or composite materials. Future research should focus on evaluating
whether Ti(C,N) coatings affect the adhesion properties of these veneering materials.

5. Conclusions

The conducted studies have demonstrated that Ti(C,N)-type coatings significantly
reduce the adhesion of bacteria and fungi to surfaces compared to uncoated alloy, thereby
potentially minimizing biofilm formation on prosthetic elements covered with these coat-
ings. While the exact mechanism of such interaction remains unclear, several factors likely
contribute to the observed reduction in microbial adhesion. A key factor is the chemical
inertness of Ti(C,N) carbonitrides, which possess low surface energy. This reduces inter-
actions between the coating surface and microbial cells, thereby limiting adhesion [50].
Another critical factor is surface wettability. Reduced wettability correlates with lower
microorganism adhesion. Essentially, microbial adhesion is generally less possible on
hydrophobic surfaces, as the reduced affinity for water may hinder the initial adhesion of
bacteria and fungi. As shown in our previous studies, Ti(C,N) coatings significantly reduce
the wettability of the alloy surface with water [51]. For instance, the wetting angle of the
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uncoated sample surface was approximately 83° (hydrophilic by definition, angle < 90°),
whereas coated samples exhibited angles as high as 115° for the TiN coating (hydrophobic
by definition, angle > 90°). Additionally, the zeta potential, or the electrical potential at the
interface between the adsorption and diffusion phases (the “shear plane”) of a molecule
situated close to the surface, may also play a role. In this case, it refers to the interaction
between the charge on the specimen surface and the microorganisms. A reduction in zeta
potential due to the presence of coatings could decrease electrostatic attraction, thereby
further limiting microbial adhesion. Although this parameter was not investigated in the
present study, it represents an important direction for future research.
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Abstract: Bacterial biofilm on implants may cause inflammation, which disturbs the process of the
implant’s integration with the surrounding tissues. Such problems are becoming critical for patients’
health, especially in connection with the presence of antibiotic-resistant bacterial strains. Among the
existing alternatives for drug treatments are natural-based substances. This study focused on the
examination of silica coatings with curcumin and thymol, which were deposited using the sol-gel
method on 3D printouts made of Ti6Al4V ELIL This substrate material is commonly used in medicine.
The selective laser melting technique used for the manufacturing of samples was in line with the
existing procedures applied for individual orthopedic implants. The examination involved the
assessment of the coatings” morphology, chemical composition, and biological effect. The antibacterial
properties were tested using a flow cytometer using Escherichia coli, and the cytotoxicity on Saos-2
cells was assessed using the LIVE/DEAD test. The obtained results showed that it is possible to
produce silica sol-gel coatings with the addition of specific natural substances in concentrations
assuring a bacteriostatic effect. The produced coatings did not show any cytotoxic effect, which
confirms the possibility of using both curcumin and thymol as additives to coatings used in medicine,
e.g., for orthopedic implants.

Keywords: sol-gel coatings; natural antibacterials agents; curcumin; thymol; 3D printing

1. Introduction

Antibiotics, in their almost one hundred years of conscious usage, have become an
integral part of medicine. However, their excessive use (both as medical therapeutic sand in
the food industry) has resulted in a more frequent occurrence of microorganisms resistant to
their effects and causes problems with the treatment of patients exposed to action of those
microbes. The problem of antibiotic resistance has been recognized by the WHO as a key
threat to public health, affecting all countries regardless of their level of development [1].
The limited capability to straightforwardly fight infection takes humanity back to the
beginning of the 20th century and has resulted in a rising number of medical complications
and even the deaths of patients due to antibiotic-resistant microorganisms. In addition,
there are also economic aspects of antibiotic resistance, including increasing costs of care
and an extended length of hospitalization [1,2].

Approximately 60%—-70% of antibiotics have poor permeability resulting from their
insufficient intracellular retention, which means that these substances are not effective
enough for any type of infection [3]. In addition, microorganisms have developed mecha-
nisms to cope with the detrimental effects of antibiotics, such as cell wall synthesis, DNA
replication, and protein translation machinery. Resistance mechanisms cover various ap-
proaches from the expression of enzymes that are capable of degrading, modifying, or
inactivating given antibiotics, to changing the cell wall composition or the activity of ion
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pumps, or to directly influencing regions most susceptible to antibiotic attack, for example
by post-translational modification [4].

Among the most dangerous bacterial species under the careful attention of medical
doctors are methicillin-resistant Staphylococcus aureus (MRSA) [5-10] and cephalosporin-
resistant E. coli [11-13]. According to the 2019 Antibiotic Resistance Report, over 2.8 million
infections with antibiotic-resistant bacteria occur each year in the USA, resulting in over
35,000 deaths [14].

Among the difficult-to-treat infections are those related to the inhabitation of the
surface of implants with microbes and the formation of biofilms. When bacteria attach
to a given surface using adhesion proteins, they begin to not only multiply on it but
also produce exopolysaccharides. This film protects them against external factors, e.g.,
antibiotics, and creates a firmer attachment to the surface. If peri-implant infection occurs,
the osseointegration process may be impaired. Bacterial infection causes inflammation,
which initiates the process of bone tissue resorption around the implant. This further leads
to the loosening of the implant as a result of micro-movements. Peri-implant infections
may also cause systemic infections, which prolong hospitalization and contribute to the
length of the patient’s recovery [5].

One of the alternatives to antibiotics is nanoparticles, or metal ions such as silver, zinc,
copper, gold, and iron [15]. However, their safety regarding human cells and the natural
environment is increasingly being questioned [16-18]. Research shows that nanoparticles
can accumulate in mammalian cells and have a toxic effect on them. However, the cellular
response strongly depends on the shape, size, and surface properties of metal ions and
nanoparticles [16,17]. Due to their dimensions, nanoparticles can enter the circulatory
system and even penetrate the blood-brain barrier [16]. The common usage of products
with metal nanoparticles obviously results in their release into the natural environment,
resulting in further interactions with eukaryotic and prokaryotic cells [18]. Additionally,
the widespread use of silver compounds as antibacterial agents has caused bacteria to
develop resistance to silver [19].

The risk associated with the excessive use of antibiotics and nanoparticles as antibac-
terial agents motivates the search for alternative solutions that prevent bacterial infections.
One of the possible solutions is the use of enzymes like lysozyme (N-acetyl-muramin
hydrolase, also known as muramidase). The antibacterial effect of this naturally occur-
ring compound is multidirectional: it causes the breakdown of polysaccharides in cell
walls and disrupts the quorum-sensing systems [20]. Among the artificially synthetized
compounds is parylene F, which shows antibacterial and anti-adhesive properties against
Gram-negative bacteria [21].

A common approach is introducing protective antimicrobial coatings. These act on the
basis of releasing active substances, e.g., metal ions, nanoparticles, chemical compounds,
etc., killing microbes on contact, for example, in the case of chitosan or synthetic cationic
polymers [22,23]. An interesting solution is the use of galvanic coatings produced using
plasma-assisted implantation or electrospraying [24,25]. The potential difference in the
metal constituents of such a coating causes the creation of electric microcells in the physio-
logical solution, affecting bacterial health. In this case, there is no threat of gradual washing
out of the antibacterial substance from such a coating [26]. More traditional approaches in-
volve doped diamond-like carbon coatings [27] or silica sol-gel coatings with additives [28].
Sol-gel coatings in particular can be easily applied to elements of even complex shapes.
The coating matrix (silica) itself does not have a bactericidal effect and is safe for human
tissues, but the released substances may have a detrimental effect on bacteria [28].

Among the natural antibacterial substances, the most frequently discussed are turmeric,
thyme, and oregano. The action of such a group of substances can be both active and pas-
sive. First, their action may be related to affecting the bacterial cell membrane or block
metabolic processes. On the other hand, their passive effect results from the modification of
environmental conditions or surface properties. They make it difficult for microorganisms
to adhere or reproduce, e.g., due to changing the pH. A positive aspect of using natural
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substances is related to their synergistic effects with other drugs [29,30]. Natural substances
can be used directly, in the form of oils or extracts, and their key active ingredients can be
isolated from them [29,30]. Regarding curcumin (found in turmeric), it does not directly
kill bacteria but rather inhibits the biofilm formation and prevents microbial adhesion
via affecting the quorum-sensing systems [31]. Thymol, present in thyme, causes desta-
bilization of the bacterial cell membrane. Small thymol molecules cross the lipid barrier,
leading to changes in the conformation and activity of the internal and membrane proteins
of bacteria. Thymol has a biofilm-reducing effect in the case of infections such as Escherichia
coli, Listeria monocytogenes, Pseudomonas putida, Staphylococcus aureus and even methicillin-
resistant Staphylococcus aureus [32,33]. The use of natural substances is also potentially safer
for organisms and the natural environment, which makes them promising candidates as
antibacterial additives for coatings.

The following paper focuses on the evaluation of the antibacterial potential of SiO,
coatings manufactured by the sol-gel method on 3D-printed surfaces obtained via the
selective laser sintering (SLS) technique. The antibacterial effect was exerted by the use
of the natural compounds curcumin and thymol. The metal substrate (Ti6Al4V ELI)
and printing technique (SLS) were aligned for direct application in printouts used for
personalized orthopedical implants.

2. Materials and Methods
2.1. Substrate Material

Titanium alloy Ti6Al4V ELI samples in the shape of cylinders (Figure 1) with a diam-
eter of 16 mm and a height of 4 mm, manufactured by Medgal Ltd. (Bialystok, Poland),
were used as the substrate for sol-gel coatings. For this purpose, a ProX 320 A printer (3D
Systems Corporation, Rock Hill SC, USA) was used, equipped with a working platform
with dimensions of 250 x 250 mm. Printouts with an accuracy of £0.2% were obtained
using a laser power of 500 W. In order to remove the stresses resulting from the printing
process, the samples were heat-treated in a high-vacuum oven before being detached from
the substrate. The samples were made from powder for which 95% of the average grain
size was in the range of 28-36 pm, and the maximum size did not exceed 40 um. Samples
made of Ti6Al4V rod cut to the same dimensions as mentioned above were mechanically
ground, polished to a mirror-like state, and used as reference samples for the morphology
examination. For the evaluation of the coatings’ thickness, monocrystalline silicon wafers
(100) were used as substrates.

Figure 1. Ti6Al4V ELI titanium alloy substrate prepared using the SLS method.

2.2. Coatings
2.2.1. Sol Preparation

The SiO; sol was prepared by mixing 5 mL of tetraethoxysilane (TEOS) (Aldrich,
Steinheim Germany), 2 mL of 36% hydrochloric acid (Chempur, Piekary Slaskie, Poland),
and 50 mL of ethanol (Chempur, Piekary Slaskie, Poland). The sol was stirred using a
magnetic stirrer for approximately 2 h and left for 24 h before coating deposition. The
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sol with 0.25% (w/v) curcumin (Sigma-Aldrich, St. Louis, MO, USA) and with 3% (w/v)
thymol (Warchem S.A., Zakret, Poland) was prepared by adding an appropriate amount
of the natural agent to the measured volume of sol and stirring it for at least 10 min until
fully dissolved in the sol. The choice of curcumin and thymol concentrations was based
on studies by other researchers, where materials with these substances were tested in
terms of antibacterial activity [31,32,34,35]. Raduly et al. tested antibacterial properties of
siloxane host matrices with 0.27% curcumin dyes [34]. Irizar et al. tested bio-based hybrid
nanocomposites for stone conservation and for this purpose examined the addition of 3%
thymol and 3% thymol-SiO, mesoporous nanoparticles [35].

2.2.2. Coating Deposition

Before the deposition of coatings, substrate materials were cleaned in a series of
sonicated baths. First they were cleaned in tap water with a small amount of detergent for
3 min, then with distilled water for 1 min, and finally in acetone for 3 min. A laboratory
dip-coater, model TLO 0.1 (MTI Corporation, Richmond, CA, USA), was used for the
deposition of coatings. The coatings were applied by immersing the substrate in a given sol
and withdrawing it at a constant speed of 0.5 mm/s. After deposition, samples were left for
96 h at room temperature to allow the coatings to develop their final mechanical properties.

2.2.3. Sample Marking

The samples are abbreviated in the following manner: Ti—substrate without coating,
Si—substrate with S5iO, coating, Cur—substrate with SiO; coating and 0.25% curcumin,
Tym—substrate with SiO, coating and 3% thymol. Mirror-polished Ti6Al4V was used for
better visualization of coatings in the microscopic examination. To easily distinguish the
samples, “3D printed” or “polished” was added to each abbreviation.

2.3. Microscopic Examination

Coating morphologies were assessed using a VHX950F (Keyence, Mechelen, Belgium)
digital microscope via comparison with uncoated samples. Surface analysis was performed
at 100x and 300x magnification. Further observations were performed with the use
of the scanning electron microscopy (SEM) technique with a JSM-6610LV microscope
(JEOL, Tokyo Japan). Observations were made using the secondary electron mode at an
accelerating voltage of 20 kV. Additionally, energy-dispersive X-ray spectroscopy (EDS)
was used for the verification of the chemical composition of the coatings. This study was
performed in 2 repetitions.

2.4. Surface Roughness and Thickness of Coatings

The evaluation of the surface roughness was performed with the use of an optical
profilometer (Sensofar, Barcelona, Metrology, Spain) on samples before and after the coating
deposition. The arithmetic deviation from the mean line (Ra) and the highest roughness
height (Rz) in the tested regions were determined. This study was performed in 2 repeti-
tions. The thicknesses of coatings deposited on silicon substrates were determined with use
of a reflectance spectrometer (Thin Film Analyzer UV20, Filmetrics, San Diego, CA, USA).

2.5. Assessment of Antibacterial Properties

Flow cytometry was used to assess the samples” antibacterial properties. The test was
performed using a suspension of Escherichia coli O157:H7 (ATCC® 43890) with a density
of 2 x 107 CFU/mL. On four 3D-printed samples (Ti, Si, Cur, Tym), 20 pL of bacterial
suspension was applied and left for two different time intervals: 10 or 60 min. After the
given exposure time, the suspension was collected from the examined surfaces and mixed
with 2 puLL of LIVE/DEAD kit and 200 pL of PBS buffer. The positive and negative controls
were prepared in a similar manner but with 20 pL of untreated E. coli suspension. To kill
the bacteria (positive control), an additional 20 uL of ethyl alcohol was added. This study
was performed in 2 repetitions.
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For visualization, the results are presented in graphs as mean =+ standard deviation.
Additionally, a one-way ANOVA test with a significance level of p < 0.05 was used for the
statistical verification of the data set.

2.6. Assessment of Cytotoxicity

The cytotoxicity test using the LIVE/DEAD method was carried out in accordance
with standard [36]. Bone-forming osteoblast cells, Saos-2 line cultured in consecutive
McCoy’s medium (with 15% of fetal bovine serum), were used for this examination. Four
3D printed samples (Ti, Si, Cur, Tym) were incubated in 12-well plates each with 2000 uL
of culture medium with approximately 12 x 10* cells for the period of 24 h (in standard
conditions). After that time, the medium was removed, cells were rinsed with a phosphate
buffer, and a mixture of ethidium bromide (20 nL), calcein (3 uL) was added. The incubation
with dyes lasted 30 min. After that time, the surfaces of the samples were observed with the
use of fluorescence microscopy (Olympus GX71, Tokyo, Japan). For each sample, 5 photos
were taken at various random locations. The number of cells (green: live; red: dead) was
calculated. This study was performed in 2 repetitions.

3. Results
3.1. Microscopic Examination

Figure 2 shows the surfaces of the samples produced by 3D printing with and without
modifications. In all cases, the applied coating was visible despite significant surface
irregularities. The presence of curcumin in sample Cur was easily observed by the yellow
color of the coating. The change in the intensity of that color showed an uneven thickness
of the film; thicker groves formed after printing.

C. 3D printed Tym

Figure 2. Surfaces of examined 3D-printed samples visualized by means of optical microscopy.
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For better visualization of the coatings, the deposition was also performed on mirror-
like polished samples (see Figure 3). No cracks or points of delamination were visible.
Nevertheless, for the samples with coatings, there were some visible points of distortions
and inclusions. In the case of the SiO;-coated samples (Si), these may have originated from
the partial gelation of the sol before its application. For other coatings, this may have been
the result of processes common for SiO,-coated samples and the incomplete dissolution of
the natural additives.

A. Polished Ti B. Polished 5i

C. Polished Tym D. Polished Cur

Figure 3. Surfaces of examined mirror-like polished samples visualized by means of optical mi-
croscopy.

SEM images of the coatings on printouts are shown in Figure 4. Especially on the
surface of the untreated samples, there were visible surface patterning and powder residues
after the SLS process. A portion of the used powder was loosely attached and visible as
spherical particles on the surface. However, in the case of samples with coatings, those
structures were covered with deposited films.

The presence of coatings was also evidenced by the chemical composition of the
analyzed surfaces. Table 1 shows the percentage of the silicon content of the examined
samples. As expected, the Ti sample did not contain silicon. The contents of this element
were different for the Si, Cur, and Tym samples, probably due to differences in the thickness
of the coatings.
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'C. 3D printed Tym D. 3D printed Cur

Figure 4. Surfaces of examined 3D-printed samples visualized by SEM.

Table 1. Silicon content in examined printouts obtained with the use of SEM-EDS.

Sample Abbreviation Ti Si Cur Tym
Silicon content [%] 0.00 £ 0.01 1.36 £ 0.20 1.72 £0.17 2.82 +£0.35

3.2. Surface Roughness and Thickness of Coatings

An increase in roughness was visible for the coatings with added thymol (see Figure 5).
That modification led to an over 2.6 rise in the Rz value and a two-times-higher Ra. In the
case of Cur, a small increase in the value of Rz was visible but it was on the margin of the
marked measurement error. The roughness of Ti and Si was similar.

In order to make an estimate of the coating thickness and determine the effect of
additives, the thickness of the coatings deposited on the silicon wafers was measured. The
thicknesses of the coatings deposited on the silicon wafers were similar for all produced
coatings and amounted to 46 + 5 nm. It was assumed that the thickness of the coatings
produced on 3D printouts was higher due to the roughness of the substrate, but the addition
of active agents did not affect their thickness.
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Figure 5. Summary of the roughness of examined 3D-printed surfaces.

3.3. Assessment of Antibacterial Properties

Data on the percentage of live and dead bacterial cells after 10 min and 60 min of
incubation are presented in Figures 6 and 7, respectively. Regardless of the coatings’ com-
position, the percentage of dead bacteria increased after 60 min of exposure in comparison
to that of the untreated sample. For the 10 min exposure, such a trend was not visible for
Tym. In fact, that modification in the mentioned conditions led to almost no dead bacteria.
With the increase in the exposure time, the number of dead cells also rose. That change
was not visible only for the Si sample. The highest limitation of living microbes was visible
for the Cur sample after 60 min of exposure. In that case, almost one-third of the bacteria

were dead.
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100.00 92.78 95.49
89.22 79.77
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2 80.00
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Q
B 60.00 B LIVE
=
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—g m DEAD
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.61 34 64
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Negative Positive Ti Si Cur Tym
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Figure 6. Percentage of live and dead bacterial cells after 10 min of exposure to the tested surfaces.
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Figure 7. Percentage of live and dead bacterial cells after 60 min of exposure to the tested surfaces.

3.4. Assessment of Cytotoxicity

Figure 8 shows the percentages of the proliferation of Saos-2 cells on the examined
surfaces. For all the examined materials, the mean proliferation was no lower than 90%.
However, it should be noted that proliferation shows the tendency and ability of cells to
reproduce and does not directly provide their amount. Among the modified materials, the
largest number of cells was present on the Tym sample (see Figure 9). The total mean value
(the sum of live and dead cells) for that type of sample was only slightly lower than the
number of cells on the Ti sample (219.2 and 222.6, respectively), but the number of dead
cells was almost three times higher (reaching 22.1 and 7.6, respectively). In the case of the
printout with the sol-gel coating without any additive, the mean total value of cells was
about 20% lower. On the surface of the Cur sample, there was the lowest number of cells,
over 50% less than in any of the other cases. The number of dead cells on the Ti, Si, and
Cur samples was, in each case, close to 10.
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Figure 8. Evaluation of cell proliferation of Saos-2 cell line on examined surfaces.
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Figure 9. Number of Sos-2 cells on examined surfaces.

4. Discussion

Although only the Cur coating on the 3D printouts allowed the visual assessment of
its uneven thickness, it can be assumed that a similar situation also occurs for Si and Tym.
Nevertheless, the lack of cracks and signs of delamination proves the successful formation
of sol-gel coatings on the samples manufactured by the SLS method. The main application
of the proposed coating is not related to increasing corrosion resistance but rather to
affecting microbial colonization. It means that even in the case of the discontinuation of
the film, the release of natural substances to the surrounding environment is secured, and
this reduces the amount of bacteria, as shown by the results of flow cytometry. The 3D
printouts did not undergo any postprocessing to remove the loosely bound particles of
powder after SLS. Nevertheless, due to the deposition of coatings, the remaining spheres
were firmly covered, which may, to some extent, have prevented their detachment from the
surface. The presented increase in surface roughness, especially for Tym, was not observed
on either optical or SEM, which provided information about the smoothening of the surface.
The Ra and Rz parameters may have been affected by the previously mentioned inclusions
related to the incomplete dissolution of the additives or sol gelation prior to deposition.
An increase in the surface roughness may promote bacterial adhesion to the surface of a
material [23]. However, a threshold value that would clearly correspond to the increase in
biofilm formation has not yet been established. In the case of the Tym coating, an increase
in dead bacteria was still visible.

The results of the bactericidal assessment using flow cytometry did not show a clear
bactericidal effect since the portion of dead bacterial cells was not higher than that of the
living ones. However, the introduction of thymol and curcumin had a bacteriostatic effect,
proved by the significant reduction in living bacteria. Even in the case of the SiO; coating
without additives, some positive effect on the reduction in bacterial colonization was
present. The literature has already described antibacterial properties due to the addition
of curcumin [31,34] or thymol [32,33] but with higher contents of these additives. In this
study, a low content of the natural agents was selected so as not to affect gelation in the
process of the coating deposition. Eventually, the additives of natural agents may have
had some effect on the coatings” morphology since their inclusion was present in the Tym
and Cur samples. The increase in the number of dead E. coli after prolonging the exposure
suggests that the antibacterial effect requires the release of the active substance from the
coating over time, especially since this effect was stronger for doped films.
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The results of the LIVE/DEAD cytotoxicity assessment prove that sol-gel SiO,-based
coatings do not have a cytotoxic effect on Saos-2 cells regardless of their composition.
This means that the orthopedic application of such films has no drawbacks concerns
surrounding the bone tissue response.

5. Conclusions

Silica sol-gel coatings with natural additives were successfully deposited on 3D print-
outs made of Ti6Al4V ELI The addition of both curcumin and thymol led to a bactericidal
effect of the synthetized films that is promising for the medical application of such materials
and the further use of natural compounds to fight microbial infections. The potential of
sol-gel coatings on 3D printouts manufactured in a manner resembling the production of
individual implants also had no adverse effect on osteoblasts. The additional advantage of
the proposed solution is the covering of loosely attached powders remaining after printing,
which may be treated as postprocessing of such printouts. Further studies concerning
both a wider range of curcumin and thymol concentrations as well as the evaluation of the
durability of the coating are required.
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Abstract: For the application of titanium and titanium alloys in orthopedic implant materials, the
antibacterial properties and cell biocompatibility determine whether the implant surgery is successful.
In this study, a functional anodic oxidation (AO) coating was successfully prepared to modify the
surface of Ti-Ag alloy. The surface characteristics of the anodized Ti-Ag alloy were analyzed using
techniques such as X-ray diffraction (XRD), scanning electron microscopy (SEM), X-ray photoelectron
spectroscopy (XPS), and contact angle measurements. The corrosion characteristics of Ti-Ag samples
were tested by an electrochemical workstation. In addition, the antibacterial properties and cell
activity were studied by the plate count method and MC3T3-E1 cell staining. The results indicate that
the AO process can generate a multi-functional TiO, /AgyO coating with a large number of block
and flower-like structures on the surface of a Ti-Ag alloy. When the AO voltage of the sample is
120V, the maximum roughness is 0.73 um and the minimum wetting degree is 23°, which improves
the biocompatibility. The corrosion test results show that AO treatment can improve the corrosion
resistance of a Ti-Ag alloy. The oxidation voltage is 20 V and the coating has the best corrosion
resistance. The corrosion open circuit potential (Eocp) is 107.621 mV and the corrosion current density
(icorr) is 2.241 x 1078 A-cm~2. This coating can promote ion release and show more than 99% of a
strong antibacterial ability against S. aureus. The results of the compatibility evaluation by cultured
cells showed that the multifunctional coating formed by the anodic oxidation process did not cause
cytotoxicity and promoted the adhesion of MC3T3-E1 cells.

Keywords: Ti-Ag alloy; anodic oxidation; antibacterial property; biocompatibility; corrosion

resistance

1. Introduction

Titanium (Ti) and Ti alloys are commonly utilized in orthopedic implant materials due
to their exceptional mechanical properties, favorable biocompatibility, low toxicity, and
cost-effectiveness [1,2]. However, traditional Ti alloy implants do not have antibacterial
properties and have infection problems during and after implantation. In addition, the
inadequate disinfection of implants and surgical instruments and postoperative wound
contamination can also aggravate infection [3]. The above factors can lead to implantation
failure and even cause fatal damage to the human body, increasing medical costs and
patient suffering.

The main reason for the failure of implantation surgery is that bacterial strains adhere
to the surface of Ti and Ti alloy implants, proliferate, and form bacterial biofilms, which
can lead to infection [4-6]. In addition, the long-term use of high-dose antibiotics by

Coatings 2024, 14, 405. https:/ /doi.org/10.3390/ coatings14040405 33 https://www.mdpi.com/journal/coatings



Coatings 2024, 14, 405

some patients can lead to bacterial mutations, strong drug resistance, and the formation
of superbugs, exacerbating the infection process [7-11]. If the surface of the implant has
excellent antibacterial properties, it will prevent bacteria from adhering to the surface of the
implant, thereby preventing the formation and expansion of the biofilm [12,13]. Therefore,
creating a stable and long-lasting antibacterial environment around the implant is of great
significance for inhibiting bacterial attachment and biofilm formation [14].

To improve the antibacterial properties of Ti and Ti alloys, material scientists have
tried to change the antibacterial properties of the surface and the antibacterial properties of
the material itself to prevent bacterial adhesion and inhibit the formation of biofilms. At
present, the antibacterial and antiviral properties of organic and inorganic antibacterial
agents have been widely recognized [15]. Among them, organic antibacterial agents mainly
include antibacterial proteins, polysaccharides, and antibacterial peptides, which inacti-
vate bacteria by inhibiting bacterial adhesion and destroying extracellular structures [16].
However, organic antibacterial agents have the disadvantages of a short duration and poor
stability [17]. Inorganic antibacterial agents are mainly metal element antibacterial agents,
such as Ag, Cu, Zn, etc., [18]. They can kill bacteria by binding to bacterial proteins and
changing the state of bacterial membranes [19,20]. They have a wide antibacterial spectrum,
high antibacterial efficiency, and good safety [21]. Therefore, considering the complexity of
the human implantation environment and the safety of antibacterial agents, the develop-
ment of Ti alloys containing inorganic antibacterial agents is considered a suitable method
for Ti alloys to achieve antibacterial properties and inhibit biofilm formation [22].

The methods of developing Ti alloys composite inorganic antibacterial implants mainly
include the surface modification technology and the manufacture of antibacterial Ti al-
loys [23]. Surface modification is mainly to prepare coatings doped with inorganic an-
tibacterial agents on the surface of Ti alloys by electrophoretic deposition (EPD), anodic
oxidation (AO), micro-arc oxidation (MAO), and other technologies to enhance the an-
tibacterial properties and biocompatibility [24]. M. H et al. [25] deposited a Cu-containing
hydroxyapatite (HAp) coating on the TC4 alloy by the EPD process. But, the coating has
a poor inhibitory effect on Staphylococcus aureus (S. aureus). Hou et al. [26] prepared
Ag-doped TiO; nanotubes by the anodic oxidation method and the implanted samples
had good antibacterial properties. K. M et al. [27] deposited nano-silver on the anodic
oxidation surface of pure Ti for modification and observed that the osteoblast adhesion and
proliferation were enhanced by the coating, showing higher biocompatibility. However,
the antibacterial coating prepared by surface modification technology has defects such
as coating shedding and dissolution, and it will be difficult for it to maintain continuous
antibacterial properties and biological activity [28].

Due to their excellent mechanical processing properties and long-lasting antibacterial
properties, antibacterial metal materials have been used as antibacterial alloy materials
in many studies [23]. Antibacterial alloy materials are usually made by adding inorganic
antibacterial agents containing metallic elements and through processes such as powder
metallurgy, vacuum sintering, and arc melting [29,30]. Zhang et al. [31] utilized arc melting
technology to fabricate titanium alloys with varying copper contents. The antibacterial
efficacy of the as-cast titanium—copper alloys against S. aureus was found to be 37%. In
a separate study, Chen et al. [23] employed powder metallurgy technology to prepare
a Ti-Ag alloy. The results indicated that alloys with a 5 wt% Ag content exhibited an
antibacterial rate ranging from 60% to 80% against S. aureus. The observed antibacterial
activity was highly dependent on the Ag content, as well as the presence and distribution of
the Tip Ag phase. It has been proved that Ti alloys containing inorganic antibacterial agents
have certain antibacterial properties. However, the antibacterial properties of antibacterial
metal materials still need to be further improved [32]. In addition, a Ti alloy is a bio-inert
material that requires high biocompatibility and corrosion resistance when implanted into
the human body [33].

Generally, surface modification techniques are used to improve antibacterial properties
and biocompatibility. Hu et al. [34] utilized ultrasonic-MAO technology to create a coating
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on the Ti-3Cu alloy, exhibiting robust long-term antibacterial properties and promoting
early cell adhesion. Schwartz et al. [35] prepared TiO, and HAp bioactive coatings by
plasma electrolytic oxidation in aqueous electrolytes and molten salts, and cleaned the
coatings with autoclave (A), ultraviolet light (UV), radio frequency (RF), air plasma (P),
and UV-ozone cleaner (O), providing an effective and mild surface modification treatment
method for cleaning and disinfecting organic pollutants on the surface of bioactive coatings.
Through the research of Liu et al. [10], a multifunctional TiO, /CuyO coating was prepared
on the Ti-5Cu alloy by the AO process. The coating improvement significantly enhances
the antibacterial properties of the alloy, has no cytotoxicity, and is beneficial to accelerate
cell adhesion. Cao et al. [8], by anodizing Ti-5Cu, found that the double-layer-structure
oxide coating formed on the Ti-5Cu improves the corrosion resistance by ten times, and the
antibacterial rate is improved. In addition, studies have shown that anatase TiO, formed
on the Ti alloys by AO treatment is consistent with HAp, showing higher bone conductiv-
ity [36]. To date, the majority of prior investigations have consistently demonstrated that
surface modification techniques applied to antibacterial Ti alloys can concurrently improve
both the antibacterial properties and biocompatibility of the alloys. This dual enhancement
holds significant promise for the broader utilization of antibacterial Ti alloys.

For many antibacterial metal ions, the antibacterial and antiviral properties of Ag have
been widely considered to be one of the best and most effective antibacterial agents [13].
Silver interacts with sulfhydryl groups in enzymes and proteins to form reactive oxygen
species and destroys the regulatory system of reactive oxygen species in bacteria, resulting
in high oxidative stress in bacteria and the inactivation of strains. Ti alloys containing a
metal Ag antibacterial agent will provide antibacterial properties for its implants. However,
the antimicrobial properties and bioactivities of the antimicrobial Ti-Ag alloy have been
rarely reported.

In this paper, the anodic oxidation technology was innovatively applied to a Ti-Ag
antibacterial titanium alloy. Scanning electron microscopy (SEM), X-ray photoelectron
spectroscopy (XPS), X-ray diffraction (XRD), an electrochemical analysis workstation, ion
release, contact angle, plate counting method, and cell culture were used to detect. The
effects of an anodizing voltage on the corrosion resistance, antibacterial properties, and
biocompatibility of the Ti-Ag alloy were studied. The results indicate that the anodic
oxidation process can significantly enhance the antibacterial properties of the Ti-Ag alloy,
TiO, / AgrO’s, multi-functional coating, and the coating exhibits higher corrosion resistance.
No cytotoxicity was found, and cell adhesion and proliferation were accelerated. In
addition, the antibacterial mechanism of the film was also discussed. Therefore, anodic
oxidation may be an effective surface modification method.

2. Materials and Methods
2.1. Preparation and AO Treatment of Ti-Ag Samples

Ti-5 wt% Ag (referred to as Ti-Ag) rods were synthesized using high-purity Ti
(99.9 wt%) and Ag (99.9 wt%) in a high vacuum arc furnace. Additional information
about the alloy is available in Ref. [37]. A sample measuring ®15 mm X 2 mm was ob-
tained from the bar using a wire-cutting machine. Ti-Ag samples were polished with 80,
400, 600, 1200, and 2000 particle sizes of SiC sandpaper (Yingpai, Foshan, Guangdong,
China) in turn, and polished to the surface mirror state with polishing liquid. For the next
step, the samples were cleaned and dried with ultrapure water and anhydrous ethanol. The
sample was soaked in 120 g/L NaOH (Merck KGaA, Shanghai, China) solution for 10 min
to remove the oil on the sample. Activation treatment was performed in a mixed solution
with a volume ratio of HF (Merck KGaA, Shanghai, China): HNOj3 (Kermel, Tianjin, China):
H,0O =1:2:10 for 10 s. Finally, the samples were washed with high-purity water and dried.

The AO treatment was carried out in a solution of 0.1 mol/L H3PO, (Kermel, Tianjin,
China) for 5 min. Various voltage values, specifically 20 V, 40 V, 60 V, 80 V, and 120 V, were
applied sequentially. The experimental procedure is illustrated in Figure 1. The sample
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names were AO-20 V, AO-40 V, AO-60 V, AO-80 V, and AO-120 V, and compared with the
untreated sample (AO-0 V).

Electric arc o | |—| ‘
Vacuumi P H
| Ti-Ag 2 |

Ti powder

A powder Anodic oxidation

|

|

|

|

YOH 1

|

Metal melting |

\
|
\
i

\
\

\
\

\
\

\
\

\
\

\
|

|
|

|
\ ‘

Figure 1. Preparation process of anodic oxidation coating.

2.2. XRD and Microstructure Characterization

The phase composition on the surface of Ti-Ag alloy subjected to various AO voltages
was analyzed using XRD (D8 Advance, Bruker AXS, Karlsruhe, Germany) with copper
Ko« radiation. MDI Jade 6.5 software’s database was employed for data interpretation and
analysis. The scanning range was 30° < 20 < 90° and step scanning mode was used. The
surface morphology of Ti-Ag samples subjected to various AO voltages was examined
using cold-field-emission scanning electron microscopy (SEM). Additionally, the elemental
composition was analyzed through energy dispersive spectrometry (EDS). The coating
thickness gauge (LS225+N1500, Linshang, Shenzhen, China) is used to measure the coating
at five different positions, and the relationship between coating thickness and voltage
is measured.

2.3. XPS Analysis

The elemental species and chemical states on the coating surface following anodic
oxidation of the Ti-Ag samples were investigated using X-ray photoelectron spectroscopy
(XPS, Axis Supra, Kratos, Stretford, UK). To eliminate surface impurities, the samples
were pre-treated before the analysis. Full spectrum scans and high-resolution scans for Ti,
Ag, and O were conducted. The binding energy of C 1s was calibrated at 284.6 eV using
standard data, and peak fitting was carried out using XPS Peak 41 software.

2.4. Corrosion Resistance

The electrochemical properties of Ti-Ag samples with different AO voltages in 0.9%
NaCl (Kermel, Tianjin, China) solution were tested by an electrochemical workstation
(Versa STAT 300, AMETEK, CA, USA) at 37 £ 1 °C. The standard three-electrode apparatus
was used. The reference electrode, counter electrode, and working electrode were saturated
calomel electrode (SCE, INESA, Shanghai, China), platinum electrode (INESA, Shanghai,
China), and sample to be tested, respectively. The open circuit potential measurement
time was 3600 s. Electrochemical impedance spectroscopy (EIS) tests were performed at
frequencies of 0.01-10° Hz. Then, the potentiodynamic polarization test was carried out
within the range of —0.5~0.5 mV.

2.5. Surface Roughness and Water Wetting Angle

The surface morphology of the sample was examined using laser confocal microscopy
(OLS4100, OLYMPUS, Tokyo, Japan), capturing both two-dimensional (2D) and three-
dimensional (3D) images. Five different 100 um x 100 um regions were selected for
measurement. Surface roughness (Ra) data for the samples were acquired using LEXT
OLS54000 software. The contact angle measuring instrument (FCA2000A3E, Aifeisi, Shang-
hai, China) was employed to assess the hydrophilicity of the samples with different AO
voltages. Using the hanging drop method, 1.5 pL of laboratory-grade deionized water was
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deposited on the sample surface, and measurements were taken at a minimum of three
different positions, documented through photographs. Surface contact angles were calcu-
lated using software, and mean values along with standard deviations were determined
for analysis.

2.6. Ion Release

The specimens labeled as AO-0 V, AO-20 V, AO-40 V, AO-60 V, AO-80 V, and AO-
120 V were immersed in 5.5 mL of NaCl solution (surface area/volume ratio 2 cm?/mL)
for 24 h at a constant temperature of 37 °C. The concentration of Ag* in the solution was
determined using inductively coupled plasma mass spectrometry (Optima 7300DV, Perkin
Elmer, MA, USA).

2.7. Antibacterial Property
2.7.1. Plate Count Method

Staphylococcus aureus (S. aureus, ATCC 6538) is a commonly used bacterium for evalu-
ating the antibacterial properties of implant materials. According to GB/T 31402-2015 [34],
the antibacterial properties of the samples were determined by plate counting method.
Before the experiment, all necessary samples and utensils underwent sterilization at
120 °C/0.15 MPa for 30 min. In each experimental group, three sets of parallel samples
were selected for the experiment. According to the standard procedure, nutrient broth
(NB, Chinese Medicine Reagents, Shanghai, China) and physiological agar (Xiya Reagent,
Linyi, China) were used to culture bacteria, and cp-Ti was used as the control group. To
ensure the sterile state of the samples, all samples were exposed to ultraviolet light for
1 h for sterilization. Subsequently, 100 uL of bacterial suspension with a concentration of
10* cfu/mL was uniformly coated on the sample to avoid the bacterial liquid overflowing
the sample range during the dropping process. The samples were then placed in an incuba-
tor for 24 h. After incubation, 2 mL of normal saline and 100 uL of trypsin were added to
each well and shaken for 5 min to ensure that all the bacteria fell into the solution. From
each well, 100 pL of bacterial droplets were taken on the nutrient agar plate and evenly
smeared using a triangular glass rod. Excess liquid was removed from the surface until no
obvious liquid remained, followed by another 24 h incubation period. An automatic colony
counter (Shineso V3, China) was employed to enumerate the viable bacteria following the
guidelines of the Chinese national standard GB/T 4789.2-2010 [34]. The antibacterial rate
was calculated using Equation (1):

AR = (Neontrol — Nsample)/ Neontror x 100% 1)

where Neontrol and Ngample represent the count of colonies on both the control and test
samples. As per the Chinese national standard GB/T 4789.2-2010, an antibacterial rate
(AR) of >90% suggests antibacterial properties, while an AR of >99% indicates strong
antibacterial properties.

2.7.2. Live/Dead Staining

Following a 24 h incubation period on the sample surface, the bacteria were stained
using the LIVE/DEAD® BacLight™ bacterial activity kit (Thermo Fisher, MA, USA) in
accordance with the provided instructions. The dye was applied to the sample surface and
allowed to incubate for 15 min at room temperature in the dark. Subsequently, the bacteria
were washed twice with normal saline to eliminate the influence of excess dye. The stained
bacteria were then examined using a fluorescence microscope (Olympus BX51, Olympus,
Tokyo, Japan). Living bacteria emitted green fluorescence, while the fluorescent signal from
dead bacteria appeared red.
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2.8. Cell Compatibility In Vitro
2.8.1. Cell Viability and Cytotoxicity

In in vitro cytotoxicity evaluation experiment, MC3T3-E1 cells were used for evalua-
tion according to ISO 10993-5 standard [10], and blank control and control groups (cp-Ti)
were set up. All samples underwent sterilization at 121 °C/0.15 MPa. Following steril-
ization, the samples were placed in a 24-well plate and 500 puL of cell suspension with a
concentration of 2 x 104 cells/mL was added to each well. After that, the plates were incu-
bated at 37 °C in a humid environment of 5% CO; for 1 day, 3 days, and 5 days, respectively.
At each designated time point, 200 uL of MTT solution (Pricella, Wuhan, China) was added
to each well and incubated at 37 °C for 4 h. Afterward, the MTT solution was removed and
300 pL of DMSO solution (Pricella, Wuhan, China) was added, followed by transfer to a
96-well plate for measurement. The optical density (OD) values were measured using an
enzyme-labeled instrument (iMark, Bio-Rad, CA, USA). The relative cell growth rate (RGR)
was calculated according to Equation (2):

RGR = (ODsample - ODcontrol)/ (ODnegative - ODcontrol) % 100% (2)

where ODgample; ODcontrol, and ODhpegative represent the optical density values of the test
sample, the cp-Ti, and the blank control group (negative sample), respectively. Cytotoxicity
was deemed non-existent when the RGR was equal to or exceeded 75%.

2.8.2. Cell Adhesion and Morphology

As described in Section 2.8.1, MC3T3-E1 cells were seeded onto the surface of the test
samples and incubated for 1, 4, and 24 h, followed by PBS (SCIENTIFIC, Shanghai, China)
washing. To fix the cells and permeabilize the cell membrane, a 4% paraformaldehyde (PFA,
SCIENTIFIC, Shanghai, China) solution and a 0.5% Triton X-100 solution (SCIENTIFIC,
Shanghai, China) were applied to the samples at 37 °C. After another round of PBS washing,
the samples were treated with the fluorescently labeled cyclic peptide. Subsequently,
the cells were incubated in the dark for 30 min. Following this, DAPI (4,6-diamino-2-
phenylindole, G-CLONE, Beijing, China) treatment was applied for 2 min. Lastly, the cell
samples underwent blocking with an anti-fluorescence attenuation blocker. For additional
information, please refer to other available sources [8]. The samples were placed under a
fluorescence microscope to observe and record cell morphology.

2.9. Statistical Analysis

The biological outcomes were replicated three times, and the results are presented as the
mean = standard deviation. Representative results underwent quantitative statistical analysis
to determine statistical significance, with p < 0.05 considered as statistically significant.

3. Results
3.1. Surface Morphology

Figure 2 presents the appearance of anodized Ti-Ag samples with different AO volt-
ages. After AO treatment, the surface coating is uniform. When the AO voltage is 20 V, the
color of the coating is dark blue. Upon increasing the voltage to 40 V, the color of the coating
is khaki. As the voltage continues to rise, the color of the AO-60 V becomes magenta. When
the voltage increases to 80 V, the color of the coating is dark cyan. Finally, upon increasing
the voltage to 120 V, the color of the coating is light purple. The anodization voltage exerts
a notable influence on the coloration of the resulting anodic oxide film.
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Figure 2. The coloring effect of Ti-Ag samples with different AO voltages: (a) AO-20 V; (b) AO-40 V;
(c) AO-60 V; (d) AO-80 V; (e) AO-120 V.

3.2. Phase Identification

Figure 3 presents the phase patterns of anodized Ti-Ag samples with different AO
voltages. According to Figure 3, AO-0 V represents the Ti-Ag sample without AO treatment,
which is mainly composed of «-Ti and TipAg phases. The diffraction peak of the TiAg
phase overlaps with that of o-Ti [23]. The phase composition of samples treated by AO with
different voltages was semi-quantitatively analyzed using the Rietveld Refinement method;
the results are shown in Table 1. Ti and Ag oxides were not detected on the AO-treated
samples and the oxide film was thin.
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Figure 3. XRD patterns of Ti-Ag samples with different AO voltages.

Table 1. Semi-quantitative calculation results of coating phase composition.

Sample o-Tilwt% Ti, Ag/wt% Rwp/%

AO-0V 96.6 = 1.2 34+02 8.26
AO-20V 97.3+0.9 27+04 9.12
AO-40V 9.1 +14 39+03 9.36
AO-60 V 963 £ 1.1 3.7+0.6 10.26
AO-80V 97.6 +0.8 24404 12.42
AO-120V 98.5+£0.6 1.5+05 8.37

3.3. Microstructure and EDS

Figure 4 presents the microstructure of Ti-Ag samples with different AO voltages. In
Figure 4a, the coating surface is uniform when the oxidation voltage is 20 V. As the voltage
increases, when the voltage reaches 40 V, as shown in Figure 4b, the surface is smoother and
denser. As shown in Figure 4c, a large number of white block structures appear on the surface
of AO-60 V. After local amplification, the block structure is aggregated, the shape is regular,
and the size is <1 pm. Upon continuously increasing the voltage to 80 V, as shown in Figure 4d,
the block structure is partially converted into a flower-like structure with a small amount of a
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petal structure. With the further increase in the voltage to 120 V, as shown in Figure 4e, there
are many grooves on the surface, and the bulk structure is completely transformed into a
flower-like structure with a size ranging from approximately 1~2 um. Figure 4f shows the
coating thickness of AO-treated samples with different voltages. With the increase in the AO
treatment voltage, the oxide film on the surface of the sample becomes thicker. The thickness
reaches the maximum at 120 V and the size is about 2.7 pm.

<. Eamiphy structure
L

AO-40V  AO-60V AO-80V AO-120V

AO-20V

Figure 4. SEM morphology of (a) AO-20 V, (b) AO-40 V, (c) AO-60V, (d) AO-80V, (e) AO-120 V;
(f) Coating thickness; Points A-I represent sampling points for EDS analysis.

Table 2 shows the EDS analysis results of Ti-Ag samples with different AO voltages.
The EDS analysis results of point A-I in Figure 4, revealing the presence of Ti and O
elements, and the content of Ag is low. With the increase in the voltage, the content of
the Ti element in the coating decreases from the highest value of 79.0% of AO-20 V to
52.4% of AO-120 V. However, the content of the O element in the coating increased with
the increase in the oxidation voltage, up to 45.0%. The bulk structure and flower-like
structure in the coating were analyzed by EDS. The bulk structure shown in F point in
Figure 4c was compared with the matrix E point. The content of the Ag element in the
bulk structure reached 7.9% and the enrichment of the Ag element appeared. However,
when the anodizing voltage increased to 120 V, the flower-like structure shown at the |
point in Figure 4e was tested by EDS, and the content of the Ag element was only 2.6%.
The research shows that excessive voltage will cause the burning of Ag elements and the
content of Ag in the coating will decrease.

Table 2. EDS analysis results of point A-Tin Figure 4.

Oxidation . Element (wt%) o
. Point

Potential Ti 0 Ag Ti o) Ag
A 79.0 + 0.1 164+ 0.1 46+02 05 05 0.2

AOQ-20V B 734+ 02 24403 42401 0.2 0.2 0.1
C 75.5 + 0.1 19.9 + 0.1 46403 0.4 0.4 0.2

AO-40V D 688 + 0.3 220+ 0.1 9.1 40.1 0.4 05 0.2
E 73.0 £ 0.2 2.7 402 43402 0.4 0.4 0.1

AO-60V F 639 + 03 283 +0.1 7.8 +0.1 03 0.4 03
G 64.9 + 0.2 26,5+ 0.3 41+01 0.4 0.2 0.1

AO-80V H 64.9 + 0.1 272+ 0.1 7.9 +03 0.4 0.4 0.2
I 64.0 + 0.2 321402 38401 0.4 0.4 0.1

AOC-120V J 524+ 0.1 450+ 0.1 26+ 0.1 03 03 0.1
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3.4. XPS

Figure 5 depicts the XPS full spectrum of Ti-Ag samples along with the high-resolution
spectra of Ti, O, and Ag under the AO-20 V, AO-60 V, and AO-120 V processes. In the
comprehensive spectrum (Figure 5(al-c3)), the presence of Ti, Ag, and O elements was
identified in the anodic oxidation coating of Ti-Ag samples, aligning with the EDS element
detection results detailed in Table 2. In the high-resolution spectrum of the Ti element, as
shown in Figure 5(a2-c2), the peaks of Ti 2p1/2 are detected at 464.0 eV and 464.2 eV, and
the peaks of Ti 2p3/2 are detected at 458.4 eV and 458.7 eV, corresponding to the Ti-O bond
in TiO; [38]. Simultaneously, the peak energy of Ti 2p1/2 is about 5.9 eV higher than that
of Ti 2p3/2, indicating that the element Ti mainly exists in the oxidation coating in the form
of TiO; crystal. The binding energies of Ti 2p1/2 at 461.2 eV and 461.9 eV and Ti 2p3/2 at
457.0 eV, 456.7 eV, and 456.9 eV correspond to the Ti-O bond in TiOs. It can be seen from
the diffraction intensity that Ti mainly exists in TiO, and a small amount of TiO3 oxide
colloid exists [8,23].
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Figure 5. XPS analysis spectra of survey spectrum, Ti 2p, O 1s, Ag 3d: (al-a4) AO-20 V;
(b1-b4) AO-60 V; (c1-c4) AO-120 V.

In the high-resolution O 1s spectrum presented in Figure 5(a3—c3), it becomes evident
that the bonding of Ti, Ag, and O elements within the coating is further confirmed. The O
1s spectrum is composed of Ti-O bonds with peaks of 530.1 eV, 529.9 eV, and 530.0 eV and
Ag—O bonds with peaks of 531.1 eV and 531.0 eV. In Figure 5(a4—c4), the high-resolution
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spectra of Ag 3d are presented. The peaks corresponding to Ag 3d3/2 and Ag 3d5/2 are
observed at 374.2 eV and 368.2 eV, respectively, indicating the existence of an Ag* oxidation
state. With the increase in the oxidation voltage, no significant variation is observed in the
spectrum. Based on the above analysis, the coating is mainly composed of TiO; and Ag,O.

3.5. Corrosion Resisting Property

Figure 6 shows the corrosion-resisting property of the Ti-Ag samples with different AO
voltages, where Figure 6a—e is the electrochemical analysis and Figure 6f is the equivalent
circuit diagram. From the corrosion open circuit potential (Eocp) curve shown in Figure 6a,
the potential of the Ti-Ag alloy after AO treatment is significantly higher than AO-0 V. It can
be seen from the Eocp data in Table 3 that when the oxidation voltage is 20 V, Eocp reaches
a maximum of 107.621 mV. Compared with AO-0V, Eocp increases by 351.759 mV. The test
results show that AO treatment reduces the corrosion failure tendency of the Ti-Ag alloy,
and the oxide film formed on the surface has high thermodynamic stability. Hence, at an
oxidation voltage of 20 V, the Ti-Ag sample exhibits the least susceptibility to corrosion. The
corrosion tendencies of the Ti-Ag alloy can be deduced from the Tafel curve in Figure 6b,
wherein the Tafel curve shifts towards positive potential and a lower corrosion current
density. The Tafel curve was fitted and calculated and the self-corrosion potential (Ecorr)
and self-corrosion current density (icorr) of the sample were obtained. The polarization
resistance (Rpp) of the sample is calculated by the Stern—Geary Equation. The calculation
formula is shown in Equation (3):

Rpo = BaBc/(2.303(Ba + Be)) icorr 3)

Table 3. Electrochemical data on OCP and Tafel curves of Ti-Ag samples.

Eocp/mV Ecorr/mV icorr/

Samples (vs. SCB) (vs. SCE) (108 Accm-2)  Rpo/107 Q-em?

AO-0V —244.138 —220.091 £+ 0.012 21.477 +£0.031 1.55 +0.23
AO-20V 107.621 17.035 4+ 0.016 2.241 + 0.028 33.3 +0.16
AO-40V —82.112 —115.281 4+ 0.014 3.661 + 0.015 19.8 £0.19
AO-60 V —99.991 —94.963 + 0.019 2.969 £ 0.032 18.2 +£0.13
AO-80V —115.687 —136.163 4+ 0.013 2.378 £ 0.016 12.6 £0.24
AO-120V —106.042 —164.884 4+ 0.017 9.411 £ 0.022 20.2 £ 0.15

Among them, Rpy, 3a, Bc, and icorr are polarization resistance, anode slope, cathode
slope, and corrosion current density, respectively. The test results are shown in Table 3.
Through AQO treatment, the Ecorr of the Ti-Ag samples was greater than —220.091 mV of
AO-0 V. Among them, the Ecorr reaches a maximum of 17.035 mV at a voltage of 20 V.
It can be seen from the icorr data in Table 3 that compared with 21.477 x 10~8 A/cm?
of AO-0V, the Ti-Ag samples treated by AO showed a lower corrosion current density.
When the oxidation voltage is 20 V, the icorr of the Ti-Ag sample is the smallest, which
is 2.241 x 1078 A/cm?. The data indicate that AO treatment can significantly increase
the polarization resistance of the sample. At the same time, the AO treatment markedly
lowers the corrosion current density or raises the corrosion potential, thereby enhancing the
corrosion resistance of the Ti-Ag samples. However, when the anodizing voltage reaches a
maximum of 120 V, the icorr of the sample increases, which may be related to the surface
state of the sample and the size of the surface petal-like structure.

Figure 6c presents the Nyquist curves for Ti-Ag samples at varying AO voltages.
The AO-treated sample has a larger capacitive arc radius than the AO-0 V sample. The
polarization resistance of the passivation film can be inferred from the diameter of the
semicircle, indicating that the AO-treated coating has a higher anti-polarization ability at the
interface. Figure 6d,e shows the Bode curves of Ti-Ag samples, including the relationship
between frequency and phase (Figure 6d) and the relationship between frequency and
impedance amplitude (1 Z 1) (Figure 6e). In Figure 6d, the frequency corresponding to
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the maximum phase angle is only one, which means that there is only one obvious time
constant in the electrochemical process. As the oxidation voltage of AO treatment increases,
the frequency corresponding to the maximum phase angle moves to the high-frequency
region, indicating that the charge transfer reaction in the electrochemical process becomes
faster. In the intermediate frequency region (0.1~100 Hz) of Figure 6e, only a linear
slope of about —1 is observed, which is a typical EIS monolayer structure. Therefore,
a simple equivalent circuit Rg(QpRp) is used to fit the model of the passivation film. In
this representation, Rg denotes the solution resistance, Qp signifies the capacitance, and
Rp represents the resistance of the passivation film. Table 4 presents the electrochemical
parameters computed using the equivalent circuit.
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Figure 6. Electrochemical correlation curves of Ti-Ag samples at various AO voltages: (a) OCP curve,
(b) Tafel curve, (c) Nyquist curve, (d,e) Bode plots, (f) Equivalent circuit model of samples.
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Table 4. Electrochemical data of Ti-Ag samples in 0.9% NaCl solution from Nyquist and Bode.

Samples Rg/Q)-cm? Qp/10—5 F-cm—2 n Rp/10% O-cm?
AO-0V 105.7 £ 0.6 324 +0.12 0.915 £ 0.005 7.81 +0.12
AO-20V 158.2 £ 0.9 2.48 + 0.07 0.889 £ 0.002 44.82 4+ 0.09
AO-40V 1123 £ 0.5 2.59 +0.03 0.828 £ 0.003 30.12 £ 0.17
AO-60 V 1454 + 0.8 7.95 + 0.03 0.700 £ 0.006 29.28 4+ 0.15
AO-80V 115.6 £ 0.9 5.91 £ 0.05 0.669 + 0.004 28.73 +£0.17
AO-120V 1499 + 0.7 7.71 £ 0.06 0.649 £ 0.005 32.67 £ 0.16

3.6. Surface Roughness and Wetting Angle

Figure 7 illustrates the surface roughness and water contact angle of Ti-Ag samples at
various AO voltages. The impact of the anodic oxidation process on the biocompatibility
and hydrophilicity of the samples was assessed. In Figure 7a, the surface roughness of
the sample is approximately 0.10 um after sandpaper grinding and polishing. With the
increase in the oxidation voltages, the roughness increases obviously. When the oxidation
voltage of AO treatment is 20 V, the surface roughness is 0.31 um, which is 0.21 um higher
than that of AO-0 V. The surface roughness of AO-40 V is 0.25 pm. With the further increase
in the voltages to 60 V and 80 V, the roughness of the sample is 0.42 um and 0.51 pm. The
surface roughness value reached a maximum of about 0.73 pm at an oxidation voltage of
120 V, and the roughness value continued to rise, increasing the possibility of cell adhesion
during implantation.
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Figure 7. The surface roughness of Ti-Ag samples with different AO voltages: (a) surface roughness,
(b) surface water contact angle.

Figure 7b illustrates the surface water contact angle of Ti-Ag samples at different
AO voltages. The contact angle of the sample without AO treatment is approximately
60°. When the AO treatment voltage is between 20 and 80 V, the water contact angle is
significantly reduced, but it does not change with the voltage, which is about 36~38°. When
the oxidation voltage is 120 V, the lowest water contact angle is about 23°, indicating that
the wetting angle decreases with the increase in voltage and AO treatment can improve the
hydrophilicity of Ti-Ag samples.

3.7. Ion Release

Figure 8 shows the dissolution amount of Ag* with different AO voltages. The
concentration of Ag™ ions in the untreated sample was 3.48 ug/L. When the oxidation
voltage was 20 V, the dissolution of Ag* reached 9.21 ug/L. Upon increasing the voltage to
40V, the ion release was 10.94 ug/L. Upon continuously increasing the voltage to 60 V and
80V, the ion release was 19.6 ug/L and 22.6 ug/L. Finally, upon increasing the maximum
voltage to 120 V, the release of Ag* reaches a maximum of 35.9 ug/L. The bactericidal
behavior of Ag-containing alloys is mainly due to the contribution of the long-term stable
release of Ag*. The concentration of Ag* increased with the increase in the oxidation
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voltage, indicating that AO treatment had a significant effect on the dissolution of Ag™.
Therefore, AO treatment can enhance the antibacterial properties of the Ti-Ag alloy.
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Figure 8. The release of Ag* from Ti-Ag alloy with different AO voltages immersed in 0.9% NaCl
solution for 24 h.

3.8. Antibacterial Property
3.8.1. Antibacterial Rate

Figure 9 displays the bacterial colonies and antibacterial rates of Ti-Ag samples at
various AO voltages, determined through plate counting. A large number of S. aureus
colonies were distributed on the cp-Ti as the blank control sample, as shown in Figure 9a,
which confirmed that cp-Ti did not have antibacterial activity. However, the Ti-Ag control
sample exhibited a reduction in the number of colonies compared to the number observed
on the cp-Ti colonies, resulting in an antibacterial rate of approximately 68%. The an-
tibacterial properties of the Ti-Ag alloy need further enhancement. Notably, only a few
colonies were observed on the Ti-Ag samples after AO treatment, signifying that AO can
substantially improve antibacterial properties. Ti-Ag samples subjected to anodic oxidation,
as depicted in Figure 9c—f, all demonstrated an antibacterial rate exceeding 99% against
S. aureus, highlighting the significant improvement in the antibacterial capability achieved
through anodic oxidation. However, when the oxidation voltage reached 120 V, the number
of colonies increased compared with other oxidation voltages. As shown in Figure 9g, the
antibacterial rate was about 97%.

3.8.2. Live/Dead Fluorescence Staining

Figure 10 presents the live/dead fluorescence staining of S. aureus performed after
24 h of culture on Ti-Ag samples subjected to different AO voltages. On the surfaces
of cp-Ti and Ti-Ag control samples, a substantial amount of green fluorescence and a
limited amount of red fluorescence were observed. The green fluorescence represents live
bacteria, while the red fluorescence indicates dead bacteria. This suggests the presence of
numerous live bacteria on the sample surfaces, indicative of a weak antibacterial ability.
In contrast, the surface of the Ti-Ag samples treated with AO exhibited a significant
amount of red fluorescence, confirming the improved antibacterial properties achieved
through AO treatment. These results are consistent with those calculated in the 3.8.1 plate
counting experiment.

3.9. Cell Experiment

Figure 11 illustrates the chart depicting the cell proliferation and relative growth rate
(RGR) of MC3T3-E1 cells when cultured with cp-Ti, AO-20 V, and AO-40 V sample extracts
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for 1, 3, and 5 days. In Figure 11a, it is evident that the OD value increased with the
extension of the culture time, indicating healthy cell growth on the sample surface with
an increasing cell count. At 1 day of culture, there was no significant difference in the OD
value between AO-treated samples and cp-Ti. After 3 days of culture, the OD value of the
AO-120 V sample was noticeably higher than that of the cp-Ti sample, while the OD values
of AO-20 V and cp-Ti were not significantly different. Following 5 days of culture, the OD
value of the AO-treated samples consistently exceeded that of cp-Ti. The calculated RGR
results are shown in Figure 11b. After 3 and 5 days of culture, the RGR for the samples
exceeded 100%, indicating Grade 0 cytotoxicity. These results suggest that AO-treated
Ti-Ag samples exhibit no cytotoxicity to MC3T3-E1 cells.
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Figure 9. The number of colonies and antibacterial rate of S.aureus cultured for 24 h on Ti-Ag samples
with different AO voltages: (a) cp-Ti; (b) AO-0V; (c) AO-20 V; (d) AO-40 V; (e) AO-60V; (f) AO-80 V;
(g) AO-120 V; (h) antibacterial rates.

Figure 12 shows the adhesion state of MC3T3-E1 cells obtained by staining on cp-Ti,
AO-20V, and AO-120 V specimens for 4 h and 24 h. After 4 h of culture, the cell size on the
AO-120 V sample was larger than that on the AO-20 V sample, and the cells showed a flat
spherical shape. When the culture time was increased to 24 h, the cells grew pseudopods
and cytoskeleton, and the cells were distributed on the sample in a large area.
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Figure 10. Live/dead fluorescence staining of S. aureus colonies on Ti-Ag samples: (a,al) cp-Ti;
(b,b1) AO-0V; (c,c1) AO-20V; (d,d1) AO-40 V; (e,el) AO-60 V; (f,£1) AO-80V; (g,g1) AO-120 V.
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Figure 11. Cell viabilities of MC3T3-E1 cells after 1, 3, and 5 days of incubation on Ti-Ag samples:
(a) OD Values at 490 nm, (b) RGR of cells on different samples.
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Figure 12. Cytoskeleton of MC3T3-EL1 cells cultured on cp-Ti, AO-20 V, and AO-120 V specimens for
4hand 24 h.

4. Discussion
4.1. Surface Physicochemical Performance

The anodic oxidation reaction induces alterations in the surface morphology and
composition of Ti alloys [39]. The formation of anodic oxide film is formed by extracting
O?~ and matrix metal from the plating solution under the action of the electrode [8]. As
depicted in Figure 2a—e, the anodizing voltage markedly influences the staining of the
AO film. The color of the oxide is largely determined by the thickness of the oxide [40].
The thickness of Ti oxide formed under natural conditions is only 6 nm [41]. The mixed
oxide film formed by anodic oxidation is more uniform and has good adhesion to the alloy
surface [42]. The change in the oxidation voltage has no obvious effect on the surface phase
composition of the film, as shown in Figure 3. However, the scanning results in Figure 4a—e
show that when the oxidation voltage is 60 V, a large number of block structures appear on
the surface. EDS analysis shows that the Ag content of the block structure is higher than that
of the matrix, and AO treatment can accelerate the enrichment of Ag-containing phases on
the surface of the alloy [43]. When the voltage increases to 120 V, the ‘flower-like structure’
of the oxide coating is the manifestation of the dielectric breakdown of the coating [44].
However, the dielectric breakdown phenomenon caused by too high voltage will cause
the burning loss of Ag element, resulting in the decrease of the Ag element content in the
coating. Ultimately, the XPS results in both Figures 2 and 5 indicate the formation of the AO
coating on the «-Ti and a small quantity of Tip Ag substrates. The coating is comprised of
TiO, and Ag,O. Consequently, it can be concluded that the oxidation voltage has a limited
impact on the chemical composition and phase composition of the film.

In the initial stage of anodic oxidation, the surface of the sample undergoes a violent
hydrolysis reaction under a constant applied voltage, which increases the pH value around
the sample and produces a large amount of free OH™. The reaction is shown in Equation (4):

2H,0 +2e~ — Hpt + 20H™ 4)

Ti — Ti*" + 4e™ (5)
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As the hydrolysis reaction proceeds, when the OH™ in the solution reaches a certain
concentration, under the action of the electric field, OH™ reacts with the «-Ti and Ti,Ag
substrates, as shown in the Equations (6) and (7):

Ti)Ag + 100H™ — Ti(OH), + Ag(OH),  + %~ (6)

Ti*" + 4OH™ — Ti(OH), (7)

Subsequently, the reactions in Equations (8) and (9) occur on the surface, resulting in a
large amount of Ag* migrating outward to form oxides. When the voltage is large, a white
block structure is formed on the surface, as shown in Figure 4c.

2Ag(OH)>™ — AgyO + HyO + 20H (8)

2Ti(OH)4 + 3e™ — TipO3 + 2H,0 + 30H™ )

As the oxidation proceeds further, a new film will be formed outside [8]. When the
voltage reaches the critical breakdown voltage, the white block structure appears as a gap
and transforms into a flower-like structure. With the increase in the voltage and time, the
coating size continues to thicken, and the size of the flower-like structure increases, as
shown in Figure 4e,f, and with the progress of the reactions in Equations (10) and (11), the
burning loss of the Ag element occurs. Finally, the formation rate and dissolution rate of
the oxide film are balanced, and the surface is composed of oxides of TiO, and AgO.

AgyO +2H,0 — 2Ag* + 2H" + 2~ (10)

2Ti203 + 02 — 4T102 (11)

The roughness and wetting angle are important criteria for evaluating the biocom-
patibility of Ti alloy implant materials [45]. Osteoblasts are more likely to adhere to the
rougher Ti alloys’ surface [46]. As depicted in Figure 7a, AO treatment markedly enhances
the surface roughness of Ti-Ag samples. This manifestation indicates that the flower-like
structure formed on the sample surface due to electron migration and bonding has a
significant impact on cell adhesion and proliferation. In Figure 7b, the reduction in the
wetting angle suggests that the alloy possesses high surface energy. At the same time, the
ceramic oxide layer formed by AO treatment, especially TiO,, has high ionic properties
and shows increased wettability [47]. The above results indicate that the coating formed by
AO treatment promotes cell adhesion and proliferation.

4.2. Corrosion Resistance and Ion Release

The corrosion characteristics and ion release of implant materials play a pivotal role
in the durability, efficacy, and biocompatibility of these materials. The results of Figure 6,
Tables 2 and 3 show that the TiO, / Ag,O coating formed on the Ti-Ag alloy by AO treatment
enhances its corrosion resistance. The dense oxide layer formed by AO treatment can
effectively prevent the erosion of the solution [48]. With the increase in the AO treatment
voltage, the polarization resistance of the passivation film increases first and then decreases,
which further reflects the protection of the coating for the substrate, as shown in Figure 6c.
The phase angle and impedance values are higher than those of the Ti-Ag substrate in the
whole frequency range, as shown in Figure 6d,e. The peak phase angle at a high frequency
describes the dielectric properties of the TiO, / Ag,O coating grown by AO treatment, while
the peak phase angle at a medium frequency represents a dense oxide film [49]. Enhancing
corrosion resistance can mitigate the occurrence of pitting or stress corrosion in implant
materials under the combined influence of bodily fluids and stress. This, in turn, reduces
the risk of material fracture failure and enhances the safety of internal implant materials
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during use [34]. However, from the potentiodynamic polarization curve, with the increase
in the AO treatment voltage, the AO-120 V sample showed a higher corrosion current
density, which may be related to the formation of a surface ‘flower-like structure’, and the
formation of protrusions provides the possibility of corrosion [50].

Although the coating formed on the surface after AO treatment can significantly
enhance the corrosion resistance of the alloy, it also increases the surface content of Ag. The
unstable Ag,O formed on the surface is more likely to accelerate the accelerated release
of Ag* and ionize in aqueous solution. The form is as in Equation (10), where the NaCl
solution will accelerate the reaction. At the same time, the surface microstructure of the
alloy is a critical factor influencing the release behavior of metal ions [51]. With the increase
in the oxidation voltage, the flower-like structure formed on the surface increases the
contact area between the film and the NaCl solution, which is the reason for promoting the
release of Ag*.

4.3. Antibacterial Property

The strong antibacterial property of the Ti-Ag alloy against S. aureus is mainly at-
tributed to the release of Ag* [52]. At present, the research on the antibacterial mechanism
of silver shows that silver can bind to bacteria [53], penetrate bacterial cell membranes [54],
produce a large amount of reactive oxygen species (ROS) [55], and act as a regulator of
microbial signal transduction pathways [56], and so it has received extensive attention
in the study of the new generation of antibacterial drugs [57]. The above antibacterial
properties of Ag are attributed to the oligodynamic effect of Ag, which enables Ag to target
the microbial membrane and bind to it, thereby destroying its structural morphology and
integrity [58-60]. Secondly, the abnormal structure of the microbial membrane can block
the microbial outflow /inflow pump [61], which hurts the transport of microbial cells and
leads to the loss of cell viability [62]. It can also target the mitochondpria in the cytoplasm to
produce ROS [63] until some serious DNA damage is induced [64], which then leads to
mutations and genotoxic effects, thereby killing bacteria. At the same time, the precipitation
of the TipAg phase and Ag-rich phase in Ti-Ag can also lead to the rupture of bacterial
cell membranes and the death of bacteria [36,65]. The anodic oxidation coating on the
Ti-Ag sample isolated the direct contact between the Ti; Ag phase and the bacteria, thereby
reducing the antibacterial ability. However, as shown in Figure 9, the coating treated with
AO showed an antibacterial rate of up to 99.99%, manifesting that AO treatment restrained
the growth of bacteria.

It has been reported that a Ag,O coating can effectively inhibit the growth of S. aureus
and E. coli [66]. Ali [67] et al. prepared Ag,O nanoparticles by the green synthesis method
and showed an excellent antibacterial ability against E. coli, S. aureus, and P. aeruginosa.
It can be seen that the Ag,O coating on the sample after AO treatment can inhibit bac-
terial proliferation and thus achieve an antibacterial effect. Based on the above analysis,
the antibacterial mechanism of Ti-Ag alloy anodic oxidation is illustrated in Figure 13.
Although the maximum release of Ag™ in this experiment remains below the minimum
antibacterial concentration of Ag* at 5.4 ppm [68], AO treatment significantly enhances the
release of Ag™, contributing to the antibacterial effect of free Ag* and nano-Ag,0O particles.
However, when the oxidation voltage reaches 120 V, the release of Ag™ is at its peak, but
the antibacterial rate slightly decreases, possibly due to the reduction of the Ag content
in the Ti-Ag matrix. Therefore, the antibacterial properties of AO-treated Ti-Ag samples
are primarily attributed to the synergistic action of the presence of Ag,O and the release of
Ag*.

4.4. Cytotoxicity

Low cytotoxicity and good biocompatibility are the basic requirements to ensure the
clinical application of biomedical implant materials and surface modification. Figure 10
illustrates the outcomes of the interaction between MC3T3-E1 cells and the samples. The
AO-treated samples exhibited higher cell viability compared to the control samples, and the
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viability of all AO-treated Ti-Ag samples exceeded 75%, indicating the absence of cytotoxic-
ity compared to the cp-Ti samples. The cytoskeleton staining shown in Figure 11 showed
that the cell morphology after AO treatment showed a typical polygon. In comparison to
cp-Ti, cells on AO samples exhibited more filamentous pseudopods, with interconnected
ends forming a network structure. The cell morphology of the AO-120 V samples was
better than that of AO-20 V samples. The cells displayed a robust spreading and adhesion
state on the sample, indicating a healthy and thriving growth condition.
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Figure 13. Formation and antibacterial mechanism of anodic oxidation of Ti-Ag alloy.

Silver is an effective antibacterial agent and is generally considered to be cytocompati-
ble at low concentrations [69,70]. When the concentration of Ag* exceeds 5.4 ppm, it will
produce cytotoxicity [71]. AgNPs themselves or Ag* can produce ROS in cells, resulting
in DNA damage, protein denaturation, and thus apoptosis [72,73]. At the same time,
Ag accumulates in the mitochondria of the cell, resulting in the decline of mitochondrial
membrane potential (MMP), promoting the production of ROS, and causing mitochondrial
dysfunction [74]. These pathways can lead to the cytotoxicity of the Ag* released from
Ti-Ag samples. Even though AO treatment can increase the release of silver ions, the
maximum release concentration of Ti-Ag samples in 0.9% NaCl solution for 24 h is still far
less than the minimum concentration of cytotoxicity.

The surface microstructure, physicochemical state of the coating surface, and the com-
position of the oxide coating have different effects on the adhesion and growth of cells on
the Ti alloys. The block and flower-like structures formed on the surface after AO treatment
made a great contribution to the improvement of the roughness and hydrophilicity of
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the TiO, /AgyO coating. At the same time, both anatase and rutile TiO; contained in the
coating have good bioactivity and osteoinductivity [75].

In summary, AO treatment can obtain lower cytotoxicity and higher biocompatibility
on the surface of Ti-Ag samples. The surface structure and composition of the TiO,/Ag,O
coating are beneficial to antibacterial and cell proliferation. However, the antibacterial
properties of Ag, the controllability of ion release, and in vivo biocompatibility still need
more research in the future.

5. Conclusions

The impact of the AO process on the corrosion resistance, antibacterial properties, and
biocompatibility of a Ti-Ag alloy was investigated by manipulating the surface composition
and structure of the alloy through variations in the anodic oxidation voltage. This is of
great significance for the application of the Ti-Ag alloy in the field of antibacterial titanium
alloy bone implant materials. The following experimental conclusions can be drawn:

(1) Different voltage AO treatments can change the microstructure of the Ti-Ag alloy and
form a multi-functional coating with an irregular flower-like structure with a size
of 1~2 um on the surface. The coating is mainly composed of Ag,O and TiO;. The
change in voltage has no obvious effect on the XRD test results of the samples, but
too high a voltage will cause the burning loss of Ag.

(2) After the AO treatment of the Ti-Ag alloy, the oxide film formed on the surface of the
alloy improves the corrosion resistance and the corrosion resistance is higher than that
of untreated samples. However, with the increase in the AO voltage, the corrosion
resistance decreases. When the AO voltage is 20 V, the maximum Eocp is 107.621 mV,
the maximum Ecorr is 17.035 mV, the minimum icorr is 2.241 x 108 A-cm~2, and the
corrosion tendency and corrosion rate are the smallest.

(3) AO treatment enhanced the antibacterial properties of the Ti-Ag alloy and the antibac-
terial rate was more than 99%. The increase in the AO voltage can promote the release
of Ag* and the improvement of the antibacterial performance is mainly attributed
to the release of the Ag,O and Ag™* formed on the surface. However, the change in
voltage has no obvious effect on the antibacterial performance.

(4) With the increase in the AO treatment voltage, the surface roughness can be increased,
the wetting angle can be reduced, and the biocompatibility of the Ti-Ag alloy can be
improved. When the AO voltage is 120 V, the maximum roughness is 0.73 um and the
minimum wetting angle is 23°, showing better cell compatibility and no cytotoxicity.

Therefore, in the face of the complex physiological environment of the human body,
higher requirements are put forward for the performance of implant materials such as a Ti-
Ag alloy. In the future, it is of great significance to study the long-term stability of implant
materials, investigate a wider range of alloy systems, and carry out a comprehensive
evaluation of the biological properties of implant materials in vivo.
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Abstract: Bone tissue degeneration, caused by disease as well as trauma, is a problem affecting
many social groups in the 21st century. It involves pain and reduced patient comfort. Developments
in materials engineering allow for the design of novel, innovative materials that can be used in
therapies to promote bone regeneration. This work presents the preparation of a ceramic—polymer
coating modified with carbon nanotubes on a titanium alloy for biomedical applications. The
ceramic part is hydroxyapatite synthesized by the wet precipitation method using orthophosphate
and calcium hydroxide. The polymer of choice was polyethylene glycol. A UV light synthesis
method was successfully applied to obtain coatings characterized by continuity and full crosslinking.
Extensive physicochemical analysis and incubation studies were carried out. Interactions between
coatings and fluids mimicking artificial biological environments were analyzed for 9 days, i.e., in
fluids such as SBF solution, artificial saliva, and distilled water. During the in vitro incubation,
changes in pH values were measured by potentiometric tests, and ionic conductivity was measured
by analyzing conductometry. After incubation, the surface morphology was studied by scanning
electron microscopy (SEM) together with energy-dispersive (EDS) microanalysis, which made it
possible to determine the presence of individual elements on the surface, as well as to observe
the appearance of new apatite layers. Fourier-transform infrared (FT-IR) spectrometry was also
performed before and at the end of the incubation period. On the basis of the presented studies, it
was concluded that coatings that contain nanotubes are bioactive and do not negatively affect the
properties of the coatings. Bioactivity was confirmed microscopically by observing new apatite layers
after incubation in SBF, which were identified as phosphorus and calcium deposits. Degradation
of the polymer phase was observed in the artificial saliva. These materials require further study,
including safety analysis, but they demonstrate potential for further work.

Keywords: composites; coatings; polyethylene glycol; hydroxyapatite; carbon nanotubes

1. Introduction

The role of a supporting structure in the human body is played by bones, which
are connective and supportive tissues. They consist of three types of cells: osteoblasts,
osteoclasts, and osteocytes. In addition, they include collagen fibers and compounds
of elements such as calcium, phosphorus, and magnesium. The cells that create bone
are responsible for its remodeling, which is necessary to maintain its normal mechanical
properties [1].

Unfortunately, bone tissue can be destroyed by injury or disease. Bone overload
syndrome refers to bone tissue damage that occurs as a result of prolonged fatigue. It
is characterized by the appearance of cracks or fractures, accompanied by pain. Stress
fractures are associated with overtraining, so the groups most often affected are athletes [2].

In the aging population, more people are suffering due to osteoporosis. This disease
causes a decrease in the strength of bone tissue, causing bone fragility. Lack of adequate
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micronutrient supplementation, insufficient exercise, and advanced age increase the risk of
this disease [3].

In order to accelerate bone regeneration and to fill defects caused by degradation, a fre-
quently used material is hydroxyapatite (HA), with the chemical formula Cao(PO4)s(OH)s.
Thanks to its calcium and phosphorus content, HA is a highly biocompatible material and
is biomimetic to the inorganic part of natural tissue [4]. Its advantages also include its
bioactivity. Hydroxyapatite bonds well to bone tissue and promotes cell adhesion [5-7].
In addition, HA combines well with other biomaterials, forming a combination with high
bioactive properties [8].

Polyethylene glycol (PEG) is a synthetic polymer belonging to the polyether group, formed
by ethylene oxide polymerization [9]. It is biocompatible, non-toxic, non-immunogenic, and
amphipathic, which makes it useful for biomaterials research and as a drug carrier [10]. Its long
hydrophilic chain helps biodegrade the composite [11].

To improve the mechanical properties of a ceramic—polymer interface, the recom-
mended additive is a titanium (90%) aluminum (6%) vanadium (4%) alloy (Ti-6Al-4V). It
has excellent biocompatibility and corrosion resistance in physiological environments, as
well as a low modulus of plasticity. Thanks to these properties, Ti-6Al-4V alloy is often used
as a load-bearing implant following the reduction of shielding stress [12-16]. Therefore,
it has found applications in orthopedic surgery [17,18]. Furthermore, titanium improves
cell adhesion and supports cell proliferation [19,20]. This is a very important aspect in the
creation of a material to promote bone tissue regeneration. Positive effects of combining
Ti-6AL-4V with HA have also been reported [8].

An interesting material that blends very well with HA and synthetic or natural poly-
mers are carbon nanotubes (CNTs) [21-23]. Made of graphene, the thinnest material in
existence, they are classified into single-walled nanotubes (SWCNTs) and multi-walled
nanotubes (MWCNTs), and they find applications in many scientific fields [24,25]. They
are characterized by very good mechanical properties, such as high strength and flexibil-
ity [22,26]. The use of carbon nanotubes in tissue engineering is made possible by their
biocompatibility and lack of toxicity in their interactions with cells [27,28]. When CNTs are
placed in contact with bone tissue, not only cell adhesion but also support of osteoblast
growth has been reported [29-32]. Due to their conductive properties, CNTs help stimulate
osteoblastic cells during bone regeneration [33].

The global demand for biomaterials is growing every year. According to Stradvierd
Research (the Market Research Report), the total size of the biomaterials market will reach
$123 billion in 2021. By 2028, the market is expected to be worth $219 billion. According to
the Market Research Report, the orthopedic biomaterials market will be worth USD 19.2
billion in 2022. The compound annual growth rate (CAGR) is expected to remain at 7.8%
until 2030.

One of the reasons for the growing demand is the increasing proportion of the aging
population. According to the World Health Organization, by 2022, there were more elderly
people over the age of sixty than children under the age of five. There has also been an
increase in the number of sports injuries. According to National Safety Statistics, there was
a 20% increase in injuries in 2021 compared to the previous year.

Among the orthopedic material categories, ceramics was the most popular segment,
along with bioglass. This segment accounted for 32.7% of revenue in 2022. The second-
fastest growing and currently second-most popular group is polymers, which accounted
for the most revenue in 2021. It is expected to dominate the biomaterials market in the
coming years.

In addition to the traditional use of biomaterials in orthopedics, the concept of using
biomaterials for the early detection of disease is being developed to prevent further pro-
gression of the disease. Furthermore, biomaterials used for diagnostics and theragnostics
can incorporate scaffolds or nanoparticles, which expand the range of applications [34].

The aim of the presented paper was to determine the composition and conditions for
the synthesis of hybrid ceramic—polymer coatings with the characteristics of biomaterials.
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The polymeric phase was enriched with MWCNTs to determine the potential of their use
as a modifier. Physicochemical analysis, as well as incubation studies, were carried out.
These coatings are novel, and so far, no material described in the literature with the same
composition and preparation method has been found.

2. Materials and Methods
2.1. Materials

Polyethylene glycol (PEG, Mn = 8000) (Acros Organic, Geel, Belgium) was used for the
synthesis of the coatings, poly(ethylene glycol) diacrylate (PEGDA, Mn = 700) was used as
a crosslinking agent, and 2-hydroxy-2-methylopropiophenone (Darocur 1173) was used as
a photoinitiator (Sigma Aldrich, Darmstadt, Germany). MWCN > 98%, O.D. x L 6-13 nm
x 2.5-20 um (Sigma Aldrich, Darmstadt, Germany) were suspended in a polymer matrix.
The components used to create HA were: calcium hydroxide (Ca(OH),), phosphoric acid
V(H3POy4 85%), and ammonia water (NH4OH 25%) (POCH S.A., Gliwice, Poland).

2.2. Methods
2.2.1. Preparation of Hydroxyapatite

The hydroxyapatite used to form composite coatings was obtained using the wet
precipitation method. A detailed description of the formation of HA, together with a
detailed physiochemical analysis of the powder, was given previously [35].

2.2.2. Preparation of Coatings

A PEG (20%) solution was prepared by mixing the polymer powder with distilled
water. Then PEGDA was added to the resulting solution as a crosslinking agent, as well as
HA in powder form. The exact addition rates of the substrates used are demonstrated in
Table 1. The received solution was homogenized using a Polytron PT 2500 E homogenizer.
A photoinitiator was added during the homogenization process using an automatic pipette.
Then, 200 pL of the solution obtained was applied and distributed using an automatic
pipette to rectangular titanium plates with dimensions of 2 cm x 3 cm. The coatings were
exposed to the photocrosslinking process using a Medilux UV 436 HF (Medilux, Korntal-
Miinchingen, Germany) lamp for 3 min. After the crosslinking process, the coatings were
prepared for further testing.

Table 1. Composition of the coatings.

Sample Symbol PEG 20% [mL] PEGDA [mL] HA [g] Photoinitiator [uL] MWCNTs [g]
10 - -
20 -
41 10 1.8 05 200 0.01
42 ’ 0.02
43 0.03

In total, the compositions of one polymer and four composite coatings with increasing
MWCNTs were developed. Carbon nanotubes were added to the polymer solution in solid
form and mixed thoroughly to distribute them evenly in the polymer using a homogeniza-
tion technique. Homogenization ensured good mixing of all components as well as the
uniformity of the samples. The MWCNTs were added before adding the hydroxyapatite.
The limit value of MWCNTs was 0.03 g, because above this amount, it was not possible to
obtain fully crosslinked materials.

Figure 1 presents a scheme for obtaining a composite coating on a Ti-6Al-4V alloy and
a photo of an example of the resulting coating.
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MWCNTs

____________________

Composite coating
Figure 1. Scheme for obtaining a coating biomaterial.

2.2.3. In Vitro Incubation

The obtained coatings were incubated in vitro at the temperature of 36.6 °C in a POL-
EKO incubator, model ST 5 B SMART (Wodzistaw Slaski, Poland) for 9 days in artificial
saliva, SBF solution, or distilled water. The artificial saliva and SBF compositions are
presented in Table 2.

Table 2. Compositions of artificial biological fluids [36].

Artificial Saliva

Component Amount [g/L]
NaCl 0.400
KCl 0.400
CaCl2'H20 0.795
Na,S-9H,0 0.005
Na,HPO4-H,O 0.780
CH4N,O 1.000

SBF

Component Amount [g/L]
NaCl 8.035
NaHCO3 0.355
Kl 0.225
KyHPO4-3H,0O 0.231
MgCl,-6H,O 0.311
1M HCI 39 mL
CaCl, 0.292
Na2804 0.072
Tris 8.118

Potentiometric analysis to control the pH value of individual fluids was carried out
to evaluate the bioactivity of the resulting composite coatings. Conductometric analysis,
measuring the ionic conductivity of the fluids, was carried out simultaneously.

The purpose of these studies was to confirm the interactions occurring between the sample
and the incubation medium. An increase in conductivity values suggests ion exchange between
the biomaterial and the fluid. This can cause changes in the pH. However, pH changes can also
be caused by leaching of individual components from the coatings.

Coatings applied to Ti6Al4V plates were placed in sterile containers filled with fluids.
The pH and conductivity values were measured using an Elmetron CX-701 multifunctional
device (Zabrze, Poland). Five replicates were performed for each composition.

2.2.4. Morphology Analysis

Morphological studies were carried out on the resulting coatings before and after the
incubation period in SBE. A Hitachi TM3000 (Tokyo, Japan) tabletop scanning electron
microscope (SEM) equipped with a Quantax 400 V EDS system was used to perform
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the morphological analysis. In order to visualize the morphology of the coatings and to
capture the potential deposits formed on top of the samples, an EDS microanalysis was
also performed. Before SEM measurement, a layer of gold was sputtered onto the surface
of the dried sample. However, during the EDS measurement, the presence of Au was not
considered in the analyses. Spot EDS analysis was performed to determine the percentage
of each element as well as to perform surface mapping.

2.2.5. FT-IR Analysis

Fourier-transform infrared spectroscopy (FI-IR) was used to determine the functional
groups and analyze the composition before and after incubation. A Thermo Scientific
Nicolet iS5 FTIR (Loughborough, UK) spectrophotometer equipped with an iD7 was
used. Due to the monolithic diamond crystal, there is a high optical contact between the
sample and the diamond, leading to a clear spectrum. The wavelength range recorded was
4000-400 cm~!. The study was performed at room temperature with conditions of 32 scans
at 4.0 cm~! resolution. The FT-IR spectra were collected for three random locations on the
surface of each sample.

3. Results
3.1. In Vitro Incubation
3.1.1. pH Metric Analysis

During in vitro incubation, pH changes were measured in the solutions to determine
the stability of the coatings under conditions similar to the human body. The exact results
of the test are demonstrated in Figure 2. It was observed that coatings with HA had a more
alkaline character than unsupplemented ones. This is related to the washing-out process of
hydroxyapatite, which results in a hardly soluble precipitate [35].
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Figure 2. Measured pH values of coatings incubated in (a) distilled water, (b) artificial saliva,
or (c) SBF solution.
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On the basis of the MWCNTs-containing samples tested, it was found that the presence
of nanotubes in the coating caused changes in the pH value of the solutions. The only rapid
change in pH level observed was in the SBF solution during the 3 days of incubation, and
its value was the highest at that point. For all three samples, the pH level remained between
7.939 and 7.955. However, a stabilization of the process was observed at later stages.

In the artificial saliva solution, the pH value increased gradually throughout the
incubation. Samples immersed in distilled water exhibited a slight change in pH throughout
the entire incubation. This is due to the high purity of the water, which results in a low
concentration of free ions reacting with the coating and causing significant pH changes.
Spikes in pH values in water are likely due to leaching of residual uncrosslinked polymer
from the interior of the material. Smaller pH shifts in SBF may be due to its buffering nature.
On this basis, it was concluded that the addition of MWCNTs caused a slight increase in
pH value.

The stability of the resulting coatings in all solutions was also observed due to a lack of
large pH changes throughout the entire incubation process. An interesting behavior of the
materials was observed for SBF, as the pH value curves for coatings without MWCNTs, i.e.,
10 and 20, almost completely overlap, while the pH values for coatings containing MWCNTs,
ie., 41,42, and 43, also overlap, but reach slightly higher values. This suggests that despite
the buffering properties that SBF possesses, even a small presence of carbon nanotubes affects
the pH change. However, the values are still within safe limits for the body.

3.1.2. Conductivity Analysis

The incubated samples were subjected to an electrolyte conductivity test. The exact
results are presented in Figure 3. This test is based on the changes in the ion concentration
in the solution.
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Figure 3. Measured conductivity values of coatings incubated in (a) distilled water, (b) artificial

saliva, or (c) SBF solution.
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Measurements for samples 10 and 20 demonstrated that the addition of HA resulted
in a minimal improvement in stability and, in the case of distilled water, a slight decrease
in conductivity. For coatings containing MWCNTs, in distilled water, the samples revealed
very strong stability throughout the incubation process. This is due to the low concentration
of free ions in the distilled water. Minimal conductivity changes were observed in the
SBF solution, but these were low enough to conclude that the materials were stable in
this solution. The same conclusion was reached with the artificial saliva solution. The
conductivity of the sample increased minimally without sudden changes. This is related to
the degradation process, which is more intense than in the other solutions.

3.2. Morphology Analysis
3.2.1. Coatings Morphology before Incubation

Figure 3 presents images of the surface morphology before incubation in artificial
saliva and SBF solution. Figure 4b demonstrates a change in the surface morphology due to
HA crystals suspended in the polymer area, while surface Figure 4a is completely smooth.
On the surfaces Figure 4c—e, these crystals are also visible. The surface areas for Figure 4a,b
were also compared to an earlier publication with l-cysteine modified coatings [35].

TM3000_2388 N D41 x1.0k 100um

D4.4 x1.0k 100 um

TM3000_2357

D4.4 x1.0k 100 um

TM3000_2366

Figure 4. SEM images of (a) PEG-based coating 10, (b) PEG coating containing HA, (c) coating with
0.01 g CNTs, (d) coating with 0.02 g CNTs, and (e) coating with 0.03 g CNTs.

62



Coatings 2023, 13, 1813

3.2.2. Coatings Morphology after Incubation
After the incubation process, changes were observed in the coatings of the samples containing

MWCNTs. Images after incubation of the samples are demonstrated in Figures 5 and 6.

TM3000_2240

L & Cnk £ ‘8
TM3000_2229 TM3000_2268

Figure 5. SEM images of samples after incubation in SBF solution (a) PEG-based coating 10,
(b) PEG coating containing HA, (c) coating with 0.02 g CNTs, and (d) coating with 0.03 g CNTs.

Yellow markers indicate the location of the EDS elemental analysis.

TM3000_2321

A
TM3000_2257 D45 x1.0k 100 um TM3000_2298

(©
Figure 6. SEM images of samples after incubation in artificial saliva (a) PEG-based coating 10,
(b) PEG coating containing HA, (c) coating with 0.02 g CNTs, (d) coating with 0.03 g CNTs. Yellow

markers indicate the location of the EDS elemental analysis.
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The formation of pits and grooves was observed on the surfaces, indicating the
recrystallization process of the apatite. In all samples containing CNTs incubated in SBF
solution, the appearance of large agglomerations of apatite crystals was noted. This is
related to the specificity of the SBF solution, which simulates a human plasma environment
with a high ion concentration. Calcium ions react with negative HA, later involving
a phosphorus ion. This results in the compound being converted into apatite [33]. In
biomaterials incubated in artificial saliva, the formation of a visible accumulation of apatite
crystals was observed, as in the SBF solution.

Along with the morphological examination, an EDS microanalysis was performed.
Its purpose was to identify the elements present and to determine their abundance in the
coating. The exact results of the microanalysis are presented in Tables 3 and 4. The most
frequent elements present were C and O. This indicates the chemical composition of the
polymer that was used. Na and Cl ions were also observed. This appears to indicate that
the biomaterial reacts with the solution in which it is incubated. The presence of Ca and P
in the biomaterial results in the coatings having a bioactive property. The presence of Ca
and P in material 10 after the incubation period is due to the composition of the incubation
fluids, as the fluids contained trace amounts of these elements.

Table 3. Elemental composition of the tested coatings after incubation in SBF solution.

Sample Mass Percentage [w%]
10 C: 45.88, 0:19.31, Cl: 19.06, Na: 14.00, Ca: 1.33, P: 0.42
20 O:45.33, Ca: 24.87, C: 16.55, P: 9.45, Cl: 2.53, Na: 0.8
42 O: 41.14, Ca: 29.88, C: 13.87, P: 9.89, Cl: 4.39, Na: 0.74
43 C:21.79, 0: 42.48, Ca: 18.77, P: 8.58, Cl: 4.44, Na: 3.93

Table 4. Elemental composition of the tested coatings after incubation in artificial saliva.

Sample Mass Percentage [w%]
10 C:40.29, O: 39.57, Ca: 11.03, P: 7.03, Cl: 1.68, Na: 0.39
20 0:46.15, C: 28.64, Ca: 15.91, P: 7.12, Cl: 1.52, Na: 0.65
42 C:43.69, O: 35.86, Ca: 13.14, P: 3.95, Cl: 2.31, K: 1.04, Na: 0.01
43 0:47.94, C: 23.94, Ca: 17.56, P: 8.77, Cl: 0.96, Na: 0.82

Considering that in the context of orthopedic applications, behavior in the SBF fluid is
a more important indicator that provides information regarding the application potential,
EDS microanalysis with mapping of individual elements was performed, as can be observed
in Figure 6. Elements such as Ca and P were marked on the mapping, confirming the
presence of calcium phosphate, such as HA, in the material, as well as the formation of new
apatite layers on the surface due to interactions with SBF fluid. Figure 7a,b clearly illustrate
the overlap on the surface.

The presence of Na, Mg, or Cl is a direct result of the composition of the SBF fluid, as
these ions are present in the salts used to prepare it. The overlap of the spectrum of Mg
with Cl or Na with Cl may indicate the formation of chlorides. This is also evidenced by
the characteristic geometric shape of the crystals formed.
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MAG: 1000 x _HV: 15.0kV D:4.3 mm I t——— MAG: 1000 x HV: 15.0kV D: 4.3 mm

Figure 7. Elemental EDS microanalysis and determination of elements on the surface of material 43 after
incubation in SBF (a) calcium, (b) phosphorus, (c) sodium, (d) chlorine, (e) magnesium, and (f) oxygen.

3.3. FT-IR Analysis
3.3.1. Spectrum of Coatings before Incubation

Using FT-IR spectrometric analysis to determine the chemical composition of the
resulting coatings, the biomaterial spectra are demonstrated in Figure 8. The spectra of
the coatings presented are PEG, PEG with hydroxyapatite, and also coatings containing
0.01 g, 0.02 g, or 0.03 g of nanotubes. The spectra of pure hydroxyapatite and pure PEG
are presented in publications related to the studies performed and are described in this
article [36]. For all samples that are shown, a peak was observed at a wavelength of
1100 cm ™! and 3500 cm ™!, originating from the OH group associated with the presence of
the polymer. In samples containing HA, a characteristic peak related to PO4>~ oscillation
was observed at a wavelength of 560 cm~!. In coatings containing CNTs, the featured
peaks were more pronounced. This behavior was observed at wavenumbers of 1030 cm !
and 560 cm ™!, respectively.
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Figure 8. FT-IR spectra of coatings before incubation.

Finally, it is significant that FI-IR spectra were collected for three random locations on
the surface of each sample. The spectra overlapped, which suggests that all of the coatings
were homogeneous. Otherwise, the individual peaks would not have overlapped, or shifts
would have been observed.

3.3.2. Spectrum of Coatings after Incubation

After a 9-day incubation carried out in SBF solution, artificial saliva, or distilled water,
FT-IR analysis was carried out. Figure 9 shows the obtained spectra of the incubated
coatings. An increase in absorbance was observed for the peak at wavelength 1730 cm 1.
For samples 10 and 20 incubated in SBF solution, the vibration modulus increased in the
range of 700 cm 1400 cm~!. In the spectra of coatings containing nanotubes, there was a
decrease in the number of visible peaks. It should be noted that the diagrams overlap with
the spectra obtained for the coatings before incubation. This suggests that as a result of
incubation, at the coating—incubation fluid interface, there are no potential degradation or

destruction processes of the composition.
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Figure 9. FT-IR spectra of coatings after incubation in (a) SBF solution or (b) artificial saliva.

4. Discussion

The results of this study confirm that the ceramic—polymer coating containing nanotubes
can potentially be used as a biomaterial to support bone tissue regeneration. A 9-day in vitro
study was performed to determine the effect of the coatings on the environment of artificial
body fluids in terms of changing pH values and conductivity. The results of this study indicate
proper interactions of the coatings with the solutions in which they were incubated.

In samples containing hydroxyapatite, the pH value increased minimally in the alka-
line direction, which is related to the characteristics of the HA. A conductivity test verified
the interaction of the coating ions with the ions of the prepared solutions, indicating a
proper interaction without rapid changes throughout the incubation period. The changes
in the pH and conductivity values confirm that the developed coatings are not inert and
interact with the selected fluids. However, these interactions do not cause degradation or
destruction of the coating surfaces, as confirmed by the overlapping FTIR spectra.

Morphological studies, together with EDS microanalysis, were carried out to deter-
mine the changes in the coatings caused by the incubation, and to identify and quantify the
elements present. On the basis of this study, apatite agglomerations were found to appear
on the surface of the samples, formed due to ion reactions between the HA and the solu-
tion. The microanalysis confirmed the occurrence of calcium and phosphorus. Elemental
mappings in particular confirmed the formation of new calcium phosphate values. This
effect was likely further supported by the presence of these ions in the composition of the
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SBF fluid. The other elements appearing are related to the structure of the polymer and the
normal reactions of the coatings with the solutions.

FT-IR spectrometric examination confirmed the occurrence of the functional groups as-
sociated with the substrates used through the appearance of characteristic peaks, revealing
the chemical composition of the biomaterial.

The performed studies were compared with similar research in terms of the connection
between carbon nanotubes and hydroxyapatite. The selected studies had differences in the
method of coating synthesis. Despite the mentioned difference, similarities in the form of
proper bonding of HA to the surface of the nanotubes was demonstrated [37-39].

5. Conclusions

In the presented study, the synthesis of coatings that have the potential to support bone
tissue regeneration is reported. The technique developed was based on the use of UV light
and enabled us to obtain composite coatings on titanium plates under UV light. The selected
parameters, i.e., crosslinking time and the types of crosslinking agents and photoinitiators,
made it possible to obtain completed materials with satisfactory organoleptic properties
(without roughness or holes, fully continuous and crosslinked). This study confirmed
that the addition of nanotubes to a ceramic—polymer base had no negative effect on the
results during incubation in biological fluids. Coatings containing MWCNTs demonstrated
bioactivity, which is an important feature of a biomaterial. Bioactivity was confirmed by
observing new apatite layers that appeared following incubation. Further biological studies
should focus on the reactions of cells in contact with the coatings in order to determine
whether the biomaterial influences the adhesion and growth of bone tissue.
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Abbreviations

Abbreviations  Description

HA Hydroxyapatite

PEG Polyethylene Glycols

CNTs Carbon Nanotubes

SWCNTs Single-Walled Carbon Nanotubes
MWCNTs Multi-Walled Carbon Nanotubes
PEGDA Poly(ethylene glycol) Diacrylate

SBF Simulated Body Fluid

XRD X-ray Diffraction Analysis

EDS Energy Dispersive X-ray Spectroscopy
FT-IR Fourier Transform Infrared Spectroscopy
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Abstract: Bone replacement is one of the major medical procedures in the oral surgery field due
to the progressive ageing population and to illness or trauma in younger age groups. The use of
implants without biological activity and effective osseointegration increases the chances of implant
failure. This work aims to improve the interaction between implants and bone by using Bioglass 4555
(BG)/hydroxyapatite (HAp) mixtures, including copper-, zinc-, and cerium-doped BG, as well as
co-doping by the mentioned metals, as coatings produced by the CoBlast™ technique. All coatings
present a uniform coverage of the Ti-6Al-4V substrate. Furthermore, in vitro testing using human
osteosarcoma Saos-2 cells indicated that BG/HAp coatings have no cytotoxic effect, and the used of
doping agents did not alter cell adhesion, proliferation, or alkaline phosphatase (ALP) expression

M

when compared to undoped coating. These results demonstrate that BG/HAp by CoBlast" ™ can be a

solution to improve implants’ osseointegration.

Keywords: CoBlast™; hydroxyapatite; Bioglass 4555; copper; zinc; cerium; implant coating

1. Introduction

The field of medical implants has witnessed remarkable advancements in recent years,
revolutionizing patient care by restoring functionality and improving quality of life. How-
ever, the successful integration of these implants within the complex biological system of
the human body remains a challenge. Significant research efforts have been invested in
implant surface modification to enhance biocompatibility, promote osseointegration, and
mitigate potential complications such as biofilm-related infection [1-3]. In fact, implant sur-
faces, topography, and chemical composition have the greatest influence on the interaction
between the biomaterial and bone tissue and, therefore, stability [4-8]. It is well-established
that surface roughness, in particular, exhibits capacity in determining a biological response
as roughness improves the processes and proliferation of osteoblasts and reduces the activ-
ity of osteoclasts, thus promoting the mineralization process [9-11]. In addition, implant
roughness contributes to the process of the differentiation of mesenchymal cells towards the
osteoblastic phenotype [10,12]. Several surface treatments/coatings have been studied and
tested, such as particle blasting, laser processing, and plasma spray [13-16]. Although the
coating processing methods are diverse, the CoBlast™ technique from ENBIO, Ireland, has
been proven to be highly successful in the biomedical field [17-19]. This technique allows
the metal’s natural oxide layer removal by abrasion while also depositing the coating at
room temperature. This method avoids the problems associated with other deposition
techniques, especially problems related to a lack of mechanical stability and adhesion
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to the substrate [1,17,20]. The Coblast™ process shows very promising characteristics
and potential, allowing the achievement of a coating with significantly better mechanical
properties, not only in terms of the coating/substrate adhesion, but also of the intra-coating
cohesion, at a considerably lower cost.

It has been reported that the use of bioactive glass as a coating material can stimulate
the good functioning of the implant due to its ability to enhance tissue integration and
promote regeneration [21-24]. Based on the inorganic composition of natural bone, Hench
et al. developed Bioglass®, which is capable of replacing damaged bone tissue without
being rejected by the human body [23,25,26]. This reaction mechanism arises from the
bioactive glass’ ionic exchange capability within the surrounding physiological environ-
ment, enabling the migration of Ca?* and PO,3~ ions to the surface, forming an initial
layer of amorphous calcium phosphate, which subsequently transforms into a crystalline
hydroxyapatite layer. Several studies have reported that the insertion of inorganic ions such
as copper, zing, cerium, etc., into the glass network improves its biological response [27-29].
Trace elements play a crucial role in preserving overall health and preventing a variety
of diseases. These essential elements are required in small amounts, but their effects on
the body’s physiological processes are profound. They contribute to enzymatic reactions,
cellular functions, and structural integrity maintenance. Trace element deficiencies or
imbalances can result in a variety of health problems such as weakened immune system
function, impaired cognitive abilities, and bone diseases like osteoporosis [30,31]. One of
these elements is copper (Cu), which plays a crucial role in promoting angiogenesis and fa-
cilitating the regeneration of both hard and soft tissues. Furthermore, Cu exhibits potential
antibacterial properties due to its ability to generate reactive oxygen species (ROS), which
can induce oxidative stress and damage bacterial cellular components [32,33]. Cerium (Ce)
has garnered growing attention due to its ability to protect cells from damage caused by
reactive oxygen species (ROS) and to reverse oxidative stress following implantation in
bone, thereby promoting osteogenesis and expediting the bone healing process [34,35].
Zinc (Zn) has antimicrobial properties and significantly contributes to the proliferation of
osteoblast cells and the stimulation of mineralization and bone formation by preventing
the proliferation of bone-resorbing osteoclasts [36,37].

Although bioglass has achieved remarkable success, its high production cost has
remained a significant issue. It has been reported that composite combining bioglass
with calcium phosphate-based materials, such as hydroxyapatite (HAp) (Cas(PO4)3(OH)),
demonstrates enhanced biological properties compared to their individual phases, as re-
ported in various studies [38,39]. Hydroxyapatite (synthetic or natural), which is the major
inorganic component of human bones and teeth, has been used widely in orthopedic and
dental applications, due to its excellent biocompatibility, and osteoconductive and osteoin-
ductive properties [40—42]. The synergistic combination of bioglass and hydroxyapatite in
coating applications induces rapid bone regeneration and functional integration, ultimately
leading to improved clinical outcomes [38,43].

In this work, we attempt to demonstrate the potential of Bioglass 4555/hydroxyapatite
composite coatings using the CoBlast™ technique for application in both orthopedics and
dental implants. For this purpose, bioglass modified by the doping and the co-doping of
2% mol Zn, 2% mol Ce, and 0.5% mol Cu was synthesized and subsequently mixed with
the HAp. The selection of ion concentrations inserted in the bioglass is justified in our
previous work [44-47]. The cytocompatibility of the coatings produced was assessed with
the Saos-2 cell line. Moreover, cell adhesion and proliferation and alkaline phosphatase
(ALP) activity were evaluated.

2. Materials and Methods
2.1. Materials Synthesis

The bioglass samples, based on the 45S5 formulation proposed by L. Hench (46.15i0;-
2.6P»05-24.35Na0-26.91Ca0, mol%), were synthesized using the melt-quenching method.
In this study, 7 types of samples were developed by adding several concentrations of
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cerium, zinc, and copper oxides to the 4555 base formulation [25]. All precursor reagents
used were purchased from Sigma Aldrich, USA. The concentrations of each compound are
described in Table 1.

Table 1. Molar percentages of each reagent in the different bioglass samples.

Reagents (mol%)

Sample SiO, P,0s5 Na,O CaO ZnO CeO, CuO
BG 46.10 2.60 24.35 26.91 - - -
27n 45.18 2.55 23.86 26.37 2
Doped 2Ce 45.18 2.55 23.86 26.37 2
0.5Cu 45.87 2.59 24.25 26.78 0.5
27n2Ce 44.26 2.49 23.38 25.83 2 2 -
Co-doped 27n0.5Cu 4495 2.54 23.74 26.24 2 0.5
2Ce 0.5Cu 44.95 2.54 23.74 26.24 2 0.5

Firstly, the high-purity SiO,, Na,CO3, CaCOg3, and P,Os starting materials that com-
pose 4555 (BG) were mixed in a ball mill system with agate vessels and balls for 1 h at
300 rpm. The mixed powders were calcined for 8 h at 800 °C in alumina crucibles. The
oxides were added to calcinated BG and mixed at 300 rpm for 1 h. The several compositions
were melted in a Pt crucible at 1300 °C for 1 h. The bioglass was re-melted to promote the
homogeneity of the glass network. Quenching was carried out in a metal mold and the
glass was subsequently ground. The glass was first ground in an agate mortar and then in
a ball mill at 300 rpm for 1 h.

For the composites synthesis, all the bioglass compositions were mixed with hydroxya-
patite (HAp) in the ball mill system at 200 rpm for 1 h, with the mass ratio shown in Table 2.
The commercial hydroxyapatite used in the composites was supplied by Bioceramed,
S.A., Portugal.

Table 2. Weight percentage of the bioglass and hydroxyapatite in the composite’s samples.

Composites Bioglass HAp

BG/HAp

27n/HAp

2Ce/HAp

0.5Cu/HAp 60 40
27Zn2Ce/HAp
27n0.5Cu/HAp
2Ce0.5Cu/HAp

2.2. Coatings Synthesis

CoBlast™ was the method used to coat the metal substrates due to its room tempera-
ture conditions, the one-step surface preparation, and deposition process. Furthermore,
this method is able to coat components with a variety of geometries [19,48].

Figure 1 shows the CoBlast™ equipment with a single nozzle configuration and
Sulzer Metco’s Single-10C powder feed system.

The substrates used in this study were Ti6Al4V grade 5 alloy (Jacquet, Ovar, Portugal)
and had dimensions of 10 mm x 10 mm x 1 mm. Before deposition, the substrates were
washed in 1 M HCl and then in acetone in an ultrasonic bath.

Since abrasion and powder deposition were carried out simultaneously, it was also
necessary to add the abrasive in a 50/50 ratio to the composites. The abrasive used was
Al,Os, also supplied by Bioceramed, S.A., Loures, Portugal.

Regarding the deposition conditions, the jet pressure was 4 bar, the distance between the
nozzle and the substrate was 19 mm, and the nozzle was positioned at 90° to the substrates.
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Figure 1. Schematic design of CoBlast' " equipment.

2.3. Morphological and Structural Characterizations

In this work, coating surface morphology was assessed by SEM (Scanning Electron
Microscopy) using a TESCAN model Vega 3 (TESCAN ORSAY HOLDING, Brno, Czech
Republic) microscope. The elemental analysis of the coating surface was also analyzed by
Energy Dispersive X-ray Spectroscopy (EDS) using a Bruker QUANTAX detector (model
XFlash MIN SVE) at 5 kx and 15 kV.

The powders used as coatings were analyzed by X-ray diffraction (XRD) at room
temperature with an Aeris-Panalytical diffractometer with CuK« radiation (A = 1.54056 A)
at 40 kV and 15 mA. The diffractograms were obtained in a 26 range of 10° up to 70° and a
scan step of 0.002°.

The coatings structure was analyzed by Grazing Incidence X-ray Diffraction (GIXRD)
with CuKa radiation—1.5406 A. The data were collected by a Rigaku SmartLab diffrac-
tometer at 40 kV and 30 mA. The patterns were obtained in the range of 10° < 26 < 70°,
scan speed of 0.6° min~!, and with an incident angle of 5°.

2.4. Cell Culture
2.4.1. Cytotoxicity Assay

A cytotoxicity assay was performed to compare cell viability of the different composite
coatings using the extract method. Samples were sterilized at 120 °C for 2 h. For extract
preparation, sterilized samples were immersed in McCoy 5A culture medium with an
ex-posed area of 1 cm? for each ml of medium and then incubated at 37 °C for 48 h.

The human osteosarcoma Saos-2 cells were seeded at a concentration of 30 k cells /cm?
and incubated for 24h. Afterward, the medium was replaced by the extracts and 4 dilutions
(corresponding to equivalent concentrations of 0.5 cm? /mL, 0.25 cm?/mL, 0.125 cm? /mL,
and 0.063 cm?/mL), each with 6 replicates. For the resazurin test, two controls were
set. The negative control, where cells were cultured in standard medium, a non-cytotoxic
environment, and the positive control, where cells were cultured in a cytotoxic environment,
created through the addition of 10% DMSO, a cytotoxic agent, to McCoy culture medium.

The sample extracts and cell controls were incubated for 48 h and afterward the
extracts were replaced by a 50% McCoy and 50% resazurin solution that was incubated
for 3 h. Cell activity was evaluated by determining the medium absorbance at 570 nm and
600 nm in a microplate reader (Biotek ELx 800UV, Winooski, VT, USA).

2.4.2. Adhesion and Proliferation

The sample ability to support cell metabolism was assessed through cell adhesion and
proliferation studies. Samples were sterilized as previously described for the cytotoxicity assay.
The human osteosarcoma Saos-2 cells were seeded at a concentration of 20 k cells/cm?
over the coating’s surface and directly on the wells for the cell controls. Seeded cells were
incubated at 37 °C in a humidified 5% CO, atmosphere for 24 h in McCoy’s medium.
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Afterwards, cell adhesion rate was assessed using a resazurin absorbance. The resazurin
assay was repeated at 3, 5, 7, and 9 days to follow cell proliferation behavior for all
tested samples.

2.4.3. Alkaline Phosphatase Activity

ALP is an enzyme expressed by cells during osteogenesis, so it can be used as a
differentiation marker. A colorimetric assay was used to evaluate ALP expression. This
reaction used 1 mg/ml of 4-nitrophenyl phosphate disodium salt (Sigma-Aldrich, St. Louis,
MO, USA) dissolved in tris-hydrochloric acid solution (pH 8.7). The first step in this essay
consists of filtering the medium that was in contact with the samples, to remove any cell
debris or dead cells. Then the absorbance at 405 nm was read to obtain the baseline. Next,
the ALP solution was added in a 1:1 ratio to the medium and incubated for 30 min. Finally,
the absorbance was measured at 405 nm.

The results were normalized to the populations determined on the previous day.

2.4.4. Immunofluorescence Study

For the immunofluorescence staining, the samples were fixed with paraformaldehyde
for 20 min, washed with PBS, permeabilized using 0.5% Triton X-100 in PBS for 15 min, and
washed again in PBS. Actin staining was carried out by incubating the cells in phalloidin
conjugate (Phalloidin CruzFluor™ 488, Santa Cruz Biotechnology, Dallas, TX, USA) diluted
in PBS in a 1:1000 ratio for 30 min in the dark and then the DNA was counterstained with
10 pg/mL DAPI for 5 min in the dark.

Actin and cell nuclei were observed using a Nikon Eclipse Ti-S fluorescence microscope
equipped with a Nikon D610 digital camera. Images were obtained with a 40x objective.

2.4.5. Statistical Analysis

All data related to in vitro evaluation were statistically analyzed using the software
OriginPro 2018 and presented using mean + SD. Furthermore, the statistical analysis was
performed by one-way analysis of variance (One-way ANOVA) using Tukey’s multiple com-
parison test. If the results presented p < 0.05, samples were accepted as significantly different.

3. Results
3.1. Morphological and Structural Characterizations

SEM micrographs were taken to assess the surface morphology. Figure 2 shows the
surfaces of all the coatings obtained by CoBlast™ deposition.

All the samples have an identical morphology and show evidence of considerable
roughness. The roughness caused by the abrasive allows for the tribochemical bonding and
mechanical entrapment of the bioglass. The level of roughness promoted by this technique
is also extremely useful for integrating implants into the bone [1,49].

Figure 3 shows the elemental analysis in mapping mode by EDS of the BG/HAp
(a)—(f), 2Zn/HAp (g), 2Ce/HAp (h), and 0.5Cu/HAp (i) coatings. Figure 3a shows the
presence of the alumina associated with the abrasive. The common elements of Bioglass
4555 and hydroxyapatite (Ca and P) are presented in Figure 3c,d. The Si and Na pre-
sented in Figure 3e,f can distinguish Bioglass 4555 from hydroxyapatite. The surface maps
of the 2Zn/HAp, 2Ce/Hap, and 0.5Cu/HAp coatings were also produced, showing a
homogeneous distribution of the additional elements in the Bioglass 4555 network.

Figure 4 shows the diffractogram of the BG/Hap-coated sample using GIXRD. A
significant contribution of Ti from the substrate and also the presence of alumina used as
the abrasive is visible. Furthermore, it is possible to visualize the presence of hydroxyapatite.
Bioglass, being an amorphous material, is not detected in the BG/HAp-coated sample.
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Figure 2. SEM micrographs of the coating surface (SEM magnification: 5kx).
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Figure 3. EDS mapping of BG/HAp samples (a-f), and sample and doping distribution of 2Zn/HAp
(g), 2Ce/HAp (h), and 0.5Cu/HAp (i) (magnification: 5 kx at 15 kV).
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Figure 4. GIXRD of BG/HAp coating, XRD of powders (BG, Hap, and Alumina) used in CoBlast™
deposition, and peak list of Ca5(PO4)3(OH) (ICDD: 01-074-9780), Al,O3 (ICDD: 04-013-1687), and Ti
(IDCC: 04-007-9313).
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3.2. Cell Culture
3.2.1. Cytotoxicity Assay

Cytotoxicity assays are one of the first steps in a biocompatibility assessment of a
biomaterial. In this assay, the extracts obtained from the different BG/HAp coatings
were placed in contact with human osteosarcoma Saos-2 cells. The cell populations were
measured using the resazurin assay. The goal of this assay is to confirm that the composite
coatings containing doped BG can be safely placed in contact with the organism without
any harmful effects. The results obtained are presented in Figure 5.
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Figure 5. Relative cell viability after 48 h incubation with undoped, doped, and co-doped BG-coated
sample extracts. C— is the negative and C+ is the positive control, both represented in gray. The
dashed line is the minimum percentage of cell viability for which extracts are not deemed cytotoxic.

The results evidence that all tested coatings produced by CoBlast™ have relative cell
viabilities above 80% in comparison with the negative control, which suggests that none of
the materials tested provoked cell death and, therefore, are safe to be used as coatings for
implants. The viability was as expected, since all BG powders used had already proved
to be viable at concentrations up to 12.5 mg/mL for the BG, 2Ce, and 0.5Cu samples, and
50 mg/mL for the 2Zn sample [44,45,47].

The results obtained are corroborated by the findings previously described by Dias
et al. where HA coatings by CoBlast™ were viable at concentrations equal or lower than
1 cm?/mL [48].

3.2.2. Adhesion and Proliferation

The adhesion and proliferation of Saos-2 cells were determined to better understand
the response of bone cells to the coated implants as well as foresee their ability to assist
osteointegration in vivo. The results are shown in Figure 6.

The cell adhesion assessment shows that all samples attained similar adhesion rates to
the BG/HAp coating, meaning that none of the doping agents hindered the cell’s ability to
connect with the coating’s surface. Furthermore, the 2Ce0.5Cu/HAp coating presented a
significant improvement in cell adhesion.

The proliferation analysis shows a progressive increase in cell population for all
samples tested. After 14 days, cells already reached the confluency stage, where there is no
more available space to further proliferate. At this stage, the only factor to determinate cell
populations is sample surface area. Since all coatings were produced by CoBlast™ and
powders used have the same dimensions, the resulting topographies of all coated samples
are similar, as was previously established in the SEM analysis, and therefore, all samples
have similar final proliferation results.
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Figure 6. Comparison of populations of human osteosarcoma Saos-2 cells cultured for 14 days on all
coatings. Absorbance values are normalized to the average absorbance of the BG/HAp sample on
day 1. The vertical lines (whiskers) represent the standard deviation of the mean. The results of the
statistical significance tests are represented with *, where p < 0.05.

O’Sullivan et al. [50] and Mesquita-Guimaraes et al. [51] already demonstrated that cell
proliferation was enhanced with coatings implementation: fibroblasts cell proliferation was
studied over 7 days on Ti substrates, and Hap or BG coatings, showing a favorable response
toward coated samples especially in BG samples, when compared with Ti substrates.

Cell population analysis in the first week indicated that the presence of Cu in the
coatings tends to lead to worse results due to Cu’s cytotoxic behavior [45,52], which
can be seen in the 0.5Cu/HAp. However, with the implementation of co-doping this
effect can be mitigated with the introduction of ions with osteogenic or anti-inflammatory
properties [53-55]. In this test, 2Zn0.5Cu/HAp samples presented an increase in cell
population compared to the 0.5Cu/HAp coating.

Overall, all samples evidenced a favorable cell response with high human osteosar-
coma Saos-2 cells, and doping agents did not jeopardize proliferation and can also improve
cells responses compared to uncoated metallic implants.

3.2.3. Alkaline Phosphatase Activity

ALP is an enzyme that reflects osteoblastic activity at different stages of osteoblast
differentiation. During bone regeneration there is an upregulation of ALP expression,
which acts as a local concentration regulator of inorganic ions, as well as a catalyst of
apatite crystals growth [56,57]. These properties lead to biomineralization and bone matrix
production [58]. The relative ALP expressed by the human osteosarcoma Saos-2 cells
cultured on the seven different coating throughout the 15 days of culture time is displayed
in Figure 7.

All cells grown on coatings revealed an increase in relative ALP expression throughout
time. However, there are no statistically significant differences between samples, not
even when comparing doped sample with the BG/HAp coating. This behavior was not
anticipated since Zn- [59,60] and Cu-doped [61,62] BG are supposed to increase ALP
expression. The lack of statistically significant differences between samples may be due to
the need to increase doping concentrations since the amount of material present in each
coating is low (2 mg/cm?), which may lead to the release of minimal amounts of doping
ions with very little impact on ALP expression.
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Figure 7. Relative ALP activity of human osteosarcoma Saos-2 cells on the different coatings on days
4,8,11, and 15. The data are normalized to the populations determined on the previous day. There
are no statistically significant differences when comparing samples on each day.

3.2.4. Immunofluorescence Study

Immunofluorescence analysis is one of the most commonly used methods to study the
shape, structure, size, and cell distribution on sample surfaces. For this purpose, human
osteosarcoma Saos-2 cells were stained with phalloidin and DAPI to label the cytoskeleton
and nuclear morphology, respectively. The cell cultures” immunofluorescence results are

shown in Figure 8.

Figure 8. Immunofluorescence images after 15 days of culture of human osteosarcoma Saos-2 cells for
different sample surfaces: BG/HAp (a), 2Zn/HAp (b), 2Ce/HAp (c), 0.5Cu/HAp (d), 2Zn2Ce/HAp
(e), 2Zn0.5Cu/HAp (f), and 2Ce0.5Cu/HAp (g) by CoBlast™ deposition. The cytoskeleton is stained
with phalloidin (green) and the nucleus is stained with DAPI (blue).

(a)

All coated samples present a high cell confluency, observable by the number of nuclei
(blue dots). This fact was already expected, as it is in accordance with cell populations
calculated by resazurin readings. Regarding cell morphology, the confluency stage and
coating topography alters cell cytoskeleton morphology, due to spatial constraints. These
spatial constraints, such as the space available for each cell, sharp edges, sharp angles, and
fine textural patterns, leads to the cytoskeleton occupying a smaller area with rounded
geometry that is only slightly larger than the nucleus size, instead of the polygonal or
polarized fibroblastic morphology typical of Saos-2 cell line morphology [50,63].
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Samples (c), (e), and (g) in Figure 8 present cells that occupy a smaller area than on
other samples. These three samples have in common the presence of cerium-doped, or
co-doped, bioglass. The smaller area shows that cells on these samples have a higher
difficulty interacting with the surface. The cause for this is unknown and does not seem to
negatively affect cell adhesion, proliferation, nor ALP production.

4. Conclusions

Several BG/Hap- and BG-doped and co-doped/HAp coatings were successfully
produced by CoBlast™. All coatings presented a similar surface morphology. The in vitro
response showed no cytotoxic effects, excellent proliferation, and ALP expression. Cell
proliferation and immunofluorescence assays demonstrated that none of the doping agents
had a negative effect on cell populations and, within 14 days, all samples reached confluency.
The effect of cerium doping of cell size and morphology should be further investigated.
Overall, the results reveal that BG/HAp composite coatings produced by the Coblast™
technique can improve the interaction between implants and bone for orthopedic and
dental applications.
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Abstract: Currently, various methods based on magnetic nanoparticles are being considered for the
treatment of cancer. Among these, magnetic hyperthermia and magneto-mechanical actuation are
the most tested physical methods that have shown promising results when applied both separately
and in combination. However, combining them with specific drugs can further improve antitumor
efficiency. In this study, we performed a systematic analysis to determine the best combination of
hyperthermia, magneto-mechanical actuation of silver-coated magnetite nanoparticles (MNP@Ag)
and chemotherapy (mitoxantrone) capable of destroying tumor cells in vitro while maintaining
normal cells in their state of increased viability. The results showed that of the nine treatment
configurations, the only one that satisfied the safety condition for normal cells (fibroblasts) and the
highly cytotoxic condition for tumor cells (HeLa) was the combination of all three triggers. This
combination led to the decrease in HeLa viability to about 32%, while the decrease in fibroblast
viability reached 80%. It was observed that the cytotoxic effect was not a sum of the separate effects
of each trigger involved, but the result of a nonlinear conjugation of the triggers in a dynamic regime
imposed by the magneto-mechanical actuation of the nanoparticles. We conclude that by using
such a treatment approach, the need for chemotherapeutic drugs can be substantially reduced while

maintaining their therapeutic performance.

Keywords: silver-coated nanoparticles; hyperthermia; magneto-mechanic actuation; mitoxantrone;
tumor cells

1. Introduction

Nanotechnology has imposed itself as a potent tool in a large variety of life science
and medical applications. Nanomedicine, the application of nanotechnology in the medical
field, is already enlarging the clinical field of diagnostic tools, drug delivery and medical
sensors [1]. One particular field of development for nanomedical systems is cancer ther-
apy [2]. Despite decades of research for the development of advanced therapies, cancer
diagnostic and treatment remain an unsolved problem [3]. Even though cancer mortality
has declined over the last three decades in high-income countries, there are persisting and
substantial differences in mortality, incidence, and survival worldwide with more than
19.3 million new cases and almost 10.0 million cancer deaths occurring as per 2020 [4]. One
of the most efficient approaches in treating malignancies is to combine different therapeutic
principles. The so-called multimodal therapeutic approach has been recognized as a modal-
ity to increase efficiency, avoid side effects as well as the cancer relapse associated with
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cell heterogeneity within a tumor and/or metastatic dissemination [5]. Multimodal cancer
therapy has benefited from noble metals such as gold nanoparticles which have shown
a fine potential in backing the chemotherapy and radiotherapy treatments [6]. Magnetic
nanoparticles (MNDPs) are intensely scrutinized for their potential to serve as drug carriers
and theranostic agents [7]. Tumor theranostics represent the combination of diagnosis
and therapy to cure cancer, aiming to reduce delays in treatment and thus to improve
patient care [8]. Due to their high versatility to be straightforwardly produced with tuned
sizes, shapes and magnetic properties, MNPs have shown a significant role in improving a
series of conventional or new biomedical methods and techniques. Ranging generally from
clusters of several atoms to structures up to 100 nm—at least in one dimension—the MNPs
are endowed with peculiar characteristics such as an enlarged surface-to-volume ratio,
enhanced surface spin disorder, and various regular and irregular shapes, which allow,
through subsequent surface-related modifications, the development of new core-shell mag-
netic materials for cutting-edge biomedical applications. MNPs, with their distinct class of
iron oxides, were coated with amphiphilic polymers [9] polysaccharides [10], graphene [11],
silica [12], gold [13], silver [14-19], etc. The latter displayed unique physical and chem-
ical properties including optical, electrical, and thermal ones [20]. Consequently, silver
nanoparticles are being intensively explored for various applications due to their specific
physicochemical characteristics such as large surface-area-to-volume ratio, increased sur-
face plasmon resonance, and ease of ligand functionalization [21]. Accordingly, they were
tested for different biomedical applications due to their antibacterial, antiviral, antifungal,
anti-inflammatory, anti-angiogenic, and antitumor effects [20,22]. Silver and silver nanopar-
ticles have been recently shown to exert cytotoxic effects on cancer cells but not on normal
cells, being proposed as a tumor theranostic agent [23].

By endowing silver nanoparticles with magnetic properties, their spectrum of biomed-
ical applications is rapidly expanded to magnetic hyperthermia, magnetic drug delivery,
magneto-mechanical actuation, magnetic separation, MRI imaging, and so on, virtually
covering the entire spectrum of applications attributed to magnetic nanoparticles. Thus,
these hybrid nanoparticles simultaneously provide all the specific magnetic benefits of the
magnetic core together with all the advantages of the silver shell described above.

The remote magnetic actuation of MNPs incubated with tumor cells can trigger a
mechanical hit and vibrations on tumor cells, leading to their irreversible damage. Basically,
the alternating magnetic fields constantly change the position of the MNPs depending on
the field gradients and frequency, to generate torques onto the cells [24]. Such torques
can modify the level of calcium entry within cells, stimulate drug release, induce protein
degradation, generate high-stemness tumor cells from different cancer cell lines, or destroy
cancer cells [24,25].

We have previously reported on the efficiency of magnetically actuated MNPs in
destroying cancer cells [26], on the ability of MNP loaded with an antitumoral agent (mi-
toxantrone) to target tumor-like tissue in vitro [27], and on the use of new alloy particles
for self-controlled magnetic hyperthermia [28,29]. In this work, we sought to investigate
systematically the in vitro action of a conventional antitumor drug, non-magnetic hyper-
thermia, and the magneto-mechanical actuation of silver-coated MNPs (MNP@Ag), applied
separately or in combination, on HeLa-cell survival. Our previous experiments [30] have
shown that the uncoated magnetite cannot be used to treat tumor cells simply because
cancer cells grow and proliferate exceptionally well in the presence of an iron source. The
final goal of the work was to find the best combination for the most efficient therapeutic
effect seeking to decrease the antitumor drug dose to obtain similar tumor cell damage as
in the case of a full dose.

2. Materials and Methods

All reagents used for the silver-coated MNP, i.e., ferrous chloride tetrahydrate,
(FeCl,-4H,0; 98%), ferric chloride hexahydrate, (FeCls-6H,O; 98%), sodium hydroxide
(NaOH; 98%), mitoxantrone, fibroblast cells and HeLa tumor cells were purchased from
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Sigma-Aldrich (Darmstadt, Germany) and used without any further purification. Silver
nitrate was purchased from Alfa Aesar—Thermo Fisher (Kandel, Germany). For characteri-
zation, the particles were used either as powders or colloids. For dry state characterization,
the magnetic nanoparticles were kept at 90 °C for 3 h. For colloid evaluation, the suspen-
sions were sonicated in pulses.

2.1. Synthesis of Magnetic Nanoparticles

A measure of 1.1 g FeCl,-4H,0 was dissolved in 10 mL of ultrapure water and filtered
through a 220 nm filter. Then, 3 g of FeCls-6H,O was mixed with the freshly prepared
FeCl, solution and the resulting solution was filtered through a 220 nm filter. Next, 2 mL of
ultrapure water was used to wash the filter and added to the iron solution. The solution
was added over 400 mL of heated ultrapure water (about 90 °C), under magnetic stirring
(800 rpm—MS7-H550-Pro, Onilab, City of Industry, CA, USA), followed by careful addition
of solid NaOH (15 g). The solution immediately turned black. After 2 min, the heating was
stopped, while the stirring continued for 60 min. Then, the suspension was sonicated for
1 h in an ultrasound bath. The magnetic nanoparticles were washed several times with
ultrapure water until the pH was about 6. Afterwards, the obtained suspension (about
80 mL) was ultrasonicated for 40 min through an ultrasonic homogenizer with probe, at
100% amplitude.

2.2. Synthesis of Silver-Coated Magnetic Nanoparticles (MNP@AgQ)

A measure of 40 mL of MNP suspension (14.5 mg/mL MNP) was mixed with 25 mL
trisodium citrate (concentration 10 mg/mL, (Thermo Fisher, Kandel, Germany), ultrasoni-
cated for 5 min, and added over 400 mL of heated ultrapure water (about 95 °C), under
magnetic stirring (1000 rpm). After 0.5-1 min, 25 mL of filtered AgNOj3 (200 mg) (Thermo
Fisher, Kandel, Germany) were quickly added to the MNP-citrate suspension. Then, the
suspension was stirred for 2 h at 800 rpm and about 95 °C.

2.3. Cell Viability Evaluation

For cytotoxicity assays, the utilized suspensions of silver-coated MNPs were first
submitted to autoclavation (121 °C, 1.5 bar). Dermal fibroblast cells and tumor cells,
respectively, were plated in 96 well plates, at 2 x 104 cells/well and incubated for 48
h. Each well was filled with 190 uL complete cell culture media (CCM), i.e., Dulbecco
Modified Essential Medium DMEM (Sigma Life Science, St. Louis, MO, USA) supple-
mented with 10% fetal bovine serum (FBS, Sigma Life Science, St. Louis, MO, USA) and
1% antibiotic-antimycotic (Sigma Aldrich, St. Louis, MO, USA). Then, 10 pL of silver-
coated MNPs (concentration about 0.3 mg/mL) was added to each well, each sample
in triplicate and further incubated for 24 h. Cell viability tests were performed using
5-Dimethylthiazol-2-yl-2, 5-diphenyltetrazolium bromide (MTT, Sigma Life Science, St.
Louis, MO, USA) assay (Vybrant MTT cell proliferation assay Sigma Life Science, St.
Louis, MO, USA) accordingly to supplier’s instructions; dimethylsulfoxide (DMSO, Sigma
Aldrich, St. Louis, MO, USA) was used as dilution agent. Absorbance was read at 570
nm. Cell viability (CV) as expressed by optical density (OD) was calculated using the for-
mula CV =100 x (ODs — ODb)/(ODc — ODb), where ODs = OD of particle treated cells;
ODb = OD of blank (media only); ODc = OD of untreated cells. For particle-free viability
evaluation, the protocol was identical, except that the wells were filled with 200 pL. CCM.

2.4. Magneto-Mechanic Actuation of MNP@Ag

For magnetic field generation, a conventional Helmholtz system consisting of two coils
was used. The proprietary software that controlled the coils allowed us to set the magnetic
field intensity, its frequency and exposure time. The coil system was fed by waveforms
generated using a code realized in LabView. The culture plates were placed in the center of
the coil system, where the magnetic field is uniform. The intensity of the magnetic field
was 12 G, and was shifted by 180° with a frequency of 2 Hz. The system can generate fields
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from 1 to 40 Oe. The coil was introduced inside a CO, cell culture incubator (Figure 1). The
MMA was applied for 1h, five times, over three days (twice a day).

Figure 1. Experimental setup. Left—PC with the proprietary software to control the current passing
through the coils; National Instruments acquisition board; and Kepco-Bop bipolar power amplifier.
Right—the Helmholtz coil system inside the CO; cell culture incubator.

2.5. Hyperthermia Generation

In order to increase the temperature of the cells, we used a cell culture incubator.
Compared to magnetic hyperthermia, this setup comes with several advantages: (a) the
sterile conditions are continuously preserved for cell culture; (b) the temperature is well
controlled and rigorously kept fixed throughout cell culture; (c) the 5% CO, atmosphere
is continuously provided; (d) the humidity conditions are not affected. Practically, the
conditions were kept similar for the control cells which were placed in another cell incu-
bator at 37 °C. Therefore, the reliability of this approach affords the guarantee of a fine
reproducibility of the experiments. The HT was applied for 1 h, five times, over three days
(twice a day).

2.6. Characterization Equipment

X-ray diffraction patterns were recorded using a Brucker AXS D8-Advance powder
X-ray diffractometer (CuKa radiation, k = 0.1541 nm, Brucker, Karlsruhe, Germany). Elec-
tron micrographs of the powders were taken by using a FIB/FE-SEM CrossBeam Carl
Zeiss NEON 40 EsB equipped (Carl Zeiss SMT GmbH, Oberchoken, Germany) with an
energy dispersive X-ray spectroscopy (EDS, Carl Zeiss SMT GmbH, Oberchoken, Ger-
many) module for compositional studies. The magnetization data were acquired on a Lake
Shore 7410 vibrating sample magnetometer (VSM, Lake Shore Cryotronics, Westerville,
OH, USA). The morphology of the nanoparticles was determined through an ultra-high
resolution transmission electron microscopy (UHR-TEM) (Libra 200 UHR-TEM, Carl Zeiss,
Oberkochen, Germany). Mean sizes and size distribution of the as-prepared aqueous
suspension of nanoparticles were evaluated through a dynamic light scattering (DLS)
technique using a scattering spectrometer (Nanotrac NPA 252, Microtrac, Montgomeryville,
PA, USA). UV-VIS absorption spectra were recorded with Synergy HTX multimode reader
(BioTek Instruments, Santa Clara, CA, USA). Zeta potential was measured using a parti-
cle size analyzer (Beckman Coulter, Brea, CA, USA). Ultrasonication of the samples was
performed with an ultrasound bath, and an ultrasonic homogenizer (UP50H, Hielscher
Ultrasonics GmbH, Teltow, Germany), at 90% amplitude, respectively. The measurements
and in vitro testing were performed from the stable, unsettled suspensions of nanoparticles.

Statistical analysis. All the experiments were performed in triplicate. Statistical
analysis was performed using Microsoft Excel 2013 to calculate the mean £ SD (standard
deviation), and Origin 2019 and Microsoft Excel 2013 to test for differences between means
through analysis of variance (ANOVA) analysis with a post hoc Tukey’s test, and Student
t-test, respectively.
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3. Results and Discussions

XRD analysis. The XRD patterns of the MNPs and MNP@Ag (Figure 2) showed
specific diffraction peaks of magnetite at 30.2°, 35.5°, 43.2°, 53.6°, 57.2° and 62.9°, corre-
sponding to (220), (311), (400), (422), (511) and (440) crystalline planes of magnetite phase,
respectively [31], along with diffraction peaks of silver at 38.3°, 44.3°, 64.5°, corresponding
to (111), (200) and (220) diffraction planes. The Bragg reflections pointed out a face-centered
cubic structure of metallic silver.
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Figure 2. XRD patterns of iron oxide (MNP: black line) and MNP@Ag (red line).

UV-VIS spectroscopy. The spectra of MNP MNP@Ag solutions were recorded from
300 to 700 nm. Figure 3 shows an absorption peak at 402 nm for MNP@Ag. However, after
subtracting the UV-VIS spectra of the MNP from MNP@Ag to obtain only the contribution
of the silver shell, the absorption peak shifted to 412 nm. The obtained peaks were in
the specific surface plasmon resonance range (400-500 nm) described for silver nanopar-
ticles [31,32], demonstrating the presence of silver in the magnetic suspension. HRTEM
mapping (Figure 4) also confirmed the presence of silver in the samples.
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Figure 3. UV-Vis spectra of MNP and MNP@Ag, respectively. Inset: UV-Vis spectrum resulting
from subtracting the UV-VIS spectra of the MNP from MNP@Ag.
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Figure 4. HRTEM element mapping of the silver-coated magnetite.

DLS analysis also used non-filtered (as-prepared) solutions of the nanoparticles, after
short sonication. The obtained data showed a narrow size distribution for both samples
with mean sizes of 39.2 nm for MNP and 40.5 nm for MNP@Ag (Figure 5). However,
the mean sizes provided by the DLS method took into account the hydrodynamic di-
ameter of the particles and, therefore, they seemed to be bigger. The size distribution
data of MNP@Ag sample pointed out a low fraction (0.11%) of nanoparticles of about
102 nm—confirmed by TEM measurements—that were not present in the MNP sample.
Most probably, this fraction contributed the most to the settlement formation. Otherwise,
except for the tiny settlement, the suspension turned out to be very stable for several
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Figure 5. DLS histograms showing the size distribution of (a) MNP and (b) MNP@Ag.

The zeta potential of the MNP@Ag was found to be —40.26 mV, also indicating
excellent stability in aqueous solutions. The strong electrostatic repulsion most probably
overcame the low magnetic attraction between the nanoparticles. The stability extended
to several months and was also empirically observed for the aqueous suspensions of
MNP@Ag nanoparticles.

However, since it was not clear how stable the MNP@Ag nanoparticles were after
incubation cells, we performed DLS measurements of MNP@Ag dispersed in cell culture
medium. The size distribution of MNP@Ag was measured at different time intervals,
including one after 24 h, without disturbing the suspension. The results showed that, after
mixing with the culture medium, the hydrodynamic diameter of the particles increased
from about 40 nm (measured in ultrapure water) to 80-90 nm (Figure 6).
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Figure 6. DLS histograms showing the size distribution of MNP@Ag nanoparticles immediately after
mixing with cell culture medium (a), and after 24 h (b). The mean hydrodynamic diameters of the
MNP@Ag nanoparticles at different times (c).

No sediment was observed in the cuvette of the Nanotrac/Microtrac sizer, containing
the suspension, after 24 h. Therefore, the suspension was stable over 24 h in the cell culture
medium, but the hydrodynamic diameter doubled. This can be attributed first to the
formation of the protein corona on the surface of the nanoparticles. Second, clusters of
several nanoparticles could not be excluded. However, the suspension remained stable
over 24 h, while the size distribution remained almost unchanged for this period.

TEM and SEM analysis. Electron microscopy measurements showed magnetite
nanoparticles with different prismatic shapes, and sizes below 30 nm (Figure 7a,b). Silver-
coated magnetite nanoparticles displayed similar geometries as magnetite nanoparticles,
with sizes slightly higher (Figure 7c,f). However, there was also observed a spot of bigger
silver-coated nanoparticles (about 30-80 nm in diameter) with round shapes (Figure 7d).
This fraction of nanoparticles was also detected and measured by the DLS technique (Fig-
ure 5). It was visible in a separate spot most probably because the provided aliquot sample
for TEM measurements remained undisturbed for several days until carefully taken and
dispersed on the grids. This time allowed the nanoparticles to discretely separate on the
vertical axis of the suspension depending on their weight. After slowly spreading the
sample on the grids, tiny volumes from the lower part of the suspension probably managed
to remain separated from the upper part. It is also worth noting that after several days, a
small amount of nanoparticles settled. Consequently, we analyzed the sediment as well
(Figure 7e) and observed nanoparticles with bigger sizes (around 100 nm).

Magnetic measurements. The specific saturation magnetization (Figure 8) of the MNP
(55.6 emu/g) was higher than that of MNP@Ag (48.7 emu/g). The saturation magnetization
values were calculated by extrapolating the tangent to the plot of M versus 1/H at high
fields, in the region where the dependence between M and 1/H is a straight line. The
difference in saturation magnetizations represents an indirect proof of the presence of
a non-magnetic silver shell on the MNPs. Furthermore, there were small differences in
both coercive fields (Hc) and ratios between the residual and saturation magnetizations
(squareness value, Mr/Ms) of the samples (Figure 8). The MNP@Ag sample showed lower
values for Hc and Mr/Ms ratios, being even closer to a superparamagnetic behavior. The
superparamagnetic behavior allowed a ferrofluid-like behavior of the MNP@Ag suspension
(Figure 8a) after concentration by ultracentrifugation and ultra-sonication.
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Figure 7. TEM images of magnetite nanoparticles (a,b) and silver-coated magnetite (c—e); SEM image
silver-coated magnetite (f).
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Figure 8. (a) Magnetization loops of the magnetic samples. Inset: details from the loops near zero
magnetic field (top left) and ferrofluid —like behavior of concentrated MNP@Ag near strong NdFeB
magnet; (b) images of the samples; the MNP@Ag sample was submitted to magnetic separation in its
non-concentrated (i.e., as—prepared) condition.

The difference between specific saturation magnetizations of MNP and MNP@Ag
was 12.4%. This means that a fraction of about 12.4% of the nanoparticles was formed
by the non-magnetic silver. Since the theoretical percentage of the silver in the MNP@Ag
nanoparticles was 17.9%, we can assume that the difference could be explained by a more
abundant presence of the silver in the settled fraction, the latter not being taken into account
by VSM measurement.

Evaluation of magnetic hyperthermia potential of MNP@Ag nanoparticles. The heat-
ing potential was investigated through an alternating magnetic field generator (HFG3
IGBT—Eldec, Germany) and an optical thermometer (Optocon, Germany). More details
about the experimental setup can be found elsewhere [30]. Figure 9 shows the heating curve
of the MNP@Ag nanoparticles. The alternating magnetic field (169 kA /m) was applied for
10 min until the temperature reached about 45 °C. The specific absorption rate (SAR) of the
MNP@Ag nanoparticles (5 mg/mL) was 20.6 W/g. SAR is used to quantitatively measure
the heating efficiency of a magnetic material and represents the mass-normalized rate of
energy absorption by a (biological) object. Therefore, MNP@Ag nanoparticles showed
good potential for magnetic hyperthermia applications.
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Figure 9. Time-dependent temperature of the heated MNP@Ag nanoparticles.

Cell Viability

Cell viability was assessed using MTT assay at 24 h after applying, separately or in
combination, the respective trigger, i.e., MNP@Ag, magnetic field (MF), hyperthermia (HT),
magneto-mechanic actuation (MMA), or mitoxantrone (MTX) on cell culture.

The first tests evaluated the influence of the MNP@Ag nanoparticles on cell viability.
As Figure 10 shows, a progressive decrease in viability, inversely proportional to the
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nanoparticle concentration, was observed. However, the cell viability was preserved at
high levels (higher than 95%) even for the highest concentration of the nanoparticles
(300 pg/mL) for both types of cells. The statistical analysis (one-way ANOVA with Tukey’s
post hoc test) pointed out a statistically significant difference between the viabilities of the
fibroblasts and the HeLa cells, indicating a better viability for the latter.
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Figure 10. Cell viability of fibroblasts (left), and HeLa cells (right) after 24 h of incubation with
MNP@Ag. Each well contained 0.2 mL cell culture medium. The difference between the two types of
cells was statistically significant at the 0.05 level (p < 0.05).

For the following tests, the highest concentration of MNP@Ag, i.e., 0.3 mg/mL, was
used. As shown in Figure 11, the magneto-mechanical actuation (MMA) of MNP@Ag
remained almost without effect on cell viabilities when acting alone, compared to all other
interventions, administered alone or in combination, which significantly decreased the

viability of both cell types.
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Figure 11. Cell viability of fibroblasts and HeLa cells after interventions with different trigger agents,
i.e.,, magneto-mechanical actuation of MNP@Ag, hyperthermia, anti-tumor drug, and their combina-
tions. MF stands for magnetic field while A-J letters represent the order number of each experiment.

It is interesting to note that HT alone was more effective in decreasing HelLa cell
viability compared to both MTX and the combination of HT and MTX. The effect of HT
was comparable to that generated by HT combined with MF, while fibroblast viability
was over 60%. Furthermore, there was no difference between the magneto-mechanical
actuation of nanoparticles combined with MTX (MNP@Ag + MF + MTX) on the one hand,
and MNP@Ag combined with HT and MTX (MNP@Ag + HT + MTX) on the other hand.

The only intervention that appeared to be safe for fibroblasts, but highly cytotoxic for
HelLa cells, was the combination of all the therapeutic triggers (MNP@Ag + MF + MT + MTX).
The cytotoxic effect was not a sum of the separate effects of each involved trigger, but the
result of a non-linear conjugation of the triggers in a dynamic regime imposed by the magneto-
mechanic actuation of the nanoparticles.

When all the interventions (B-J) were analyzed, it could be observed that starting with
H, there was a reversal in the decrease in cell viabilities. Thus, while as far as intervention
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G, fibroblasts were more affected than HeLa cells, with a statistically significant difference
between data sets (p, two-tailed, < 0.05), from H to J, it was the HeLa cells that started
to suffer more. The key element common to the H, I, | interventions that induced this
inversion was the combination of HT and magnetic field (MF). Furthermore, when the
MMA of MNP@Ag (I) was included, the effect became more significant. Finally, when MTX
(J) was added, the effect on HeLa cells was greatest, with a decrease in HeLa viability up to
about 32%. Moreover, this last intervention came with an interesting result, namely the
reduced decrease in fibroblast viability (only 80% decrease), with a statistically significant
difference compared to control cells (chi test, p < 0.001, at p <0, 05).

The last experiment, (J), was repeated with cells also in triplicate. The result was
similar, with viabilities of about 24% for HeLa cells and about 85% for fibroblasts. This
result shows that, compared to the intervention D, when only MTX was used, there was a
significant improvement in therapeutic treatment against HeLa cells, suggesting a reduced
need for MTX when combined with HT and MMA of MNP@Ag.

A possible explanation for this result would rely on a better permeation of the HeLa cell
membrane to both MNP@Ag nanoparticles and mitoxantrone, induced by hyperthermia.
Intracellular absorption of drugs has been reported to be enhanced by hyperthermia by
increasing cell membrane permeability [33]. Thus, Berrios et al. [34] measured the cell
membrane fluidity through direct and indirect methods, providing compelling evidence
that both hot-water hyperthermia (HWH) and magnetic hyperthermia (MH) can increase
membrane permeability, with the latter method inducing significantly greater effects as
compared with HWH [33]. Therefore, the oscillations of MNP@Ag nanoparticles, while not
affecting the cell viability by themselves, can induce a higher mobility of the antitumor drug
molecules, which consequently can enter the tumor cells in a larger amount. Furthermore,
due to the increased permeability induced by hyperthermia [33], the amount of drug
transferred into the tumor cells is further enhanced. Therefore, cell death is mainly caused
by the antitumor drug whose concentration in tumor cells was increased by MNP@Ag
oscillations and hyperthermia-induced membrane permeation.

In our case, hyperthermia conditions seem to help MNP@Ag to affect cellular functions
to a greater extent in the case of HeLa cells. In addition, once inside the cells, the MNPs
could provide better and faster distribution of the antitumor drug.

However, the obtained results must be verified over periods longer than three days
of treatment, until the total destruction of the tumor cells, also evaluating the longer-term
damage to the fibroblasts.

4. Conclusions

To our knowledge, this is the first report focused on the combinatorial effect of multifac-
torial triggers (silver-coated magnetic nanoparticles, non-magnetic hyperthermia, magneto-
mechanical actuation and antitumor drug (mitoxantrone) in significantly reducing short-
term tumor cell viability in vitro compared to slight, non-significant reduction of normal
fibroblast cells in similar conditions. Of the nine interventions in tumor and normal cells,
respectively, only one combination of the four triggers led to a strong antitumor effect while
maintaining the normal cells in a safe condition in the short-term. The results need to be
further investigated in terms of long-term viability and the metabolic pathways potentially
involved in different cell viabilities in order to determine the possible relevance for setting
up a combinatorial approach in treating malignancies.
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Abstract: The aim of this work was to investigate and prove the possibility of the real-time detection of
magnetic nanoparticles (MNPs) distributed in solid material by using a tunnel magnetoresistance-based
(TMR) sensor. Following the detection tests of FeCrNbB magnetic nanoparticles distributed in
transparent epoxy resin (EPON 812) and measuring the sensor output voltage changes at different
particle concentrations, the detection ability of the sensor was demonstrated. For the proposed TMR
sensor, we measured a maximum magnetoresistance ratio of about 53% and a sensitivity of 1.24%/Oe.
This type of sensor could facilitate a new path of research in the field of magnetic hyperthermia by
locating cancer cells.

Keywords: tunnel magnetoresistance; sensor; magnetic particles; sensitivity

1. Introduction

Features such as cost-effective production, small size, low power consumption, and
especially high values of sensitivity and detectivity, recommend magnetoresistive (MR)
sensors as the most suitable for biomedical applications [1,2]. Although the most studied
magnetoresistive sensors are based on the giant magnetoresistance (GMR) effect, especially
due to their high linear response to the applied field as well as the simplification of
the technological process, tunnel magnetoresistance (TMR)-based sensors have better
sensitivity and resolution due to the higher MR ratio, properties that are very important
for biosensor applications [3]. Several methods have been used to improve the linearity
and sensitivity of TMR sensors such as optimizing the magnetoresistive structure [4],
integrating multiple sensors into the Wheatstone bridge [5], or integrating magnetic flux
concentrators (MFCs) [6].

Due to their special magnetic properties and biocompatibility, magnetic nanoparticles
can be used in medical applications such as human cell labeling and imaging [7,8] or cancer
diagnosis and treatment [9,10]. Currently, the detection of the magnetic responses of MNPs
can be performed by magnetorelaxometric imaging (MRX), magnetic resonance imaging
(MRI), or magnetic particle imaging (MPI) [8,11,12], but there is a need to improve the cost
and efficiency of magnetic nanoparticle localization.

In recent years, different solutions have been proposed for the use of magnetoresistive
sensors to detect magnetic particles and evaluate their concentration in ferrofluids [13-15]
as well as for the indirect detection of biomolecules or bacteria by detecting the magnetic
field generated by the magnetic particles adhering to them [16-18]. On the other hand,
the detection of magnetic nanoparticles by scanning human tissue with a highly sensitive
sensor would be of great importance in medicine for use in magnetic hyperthermia, where
a major problem is to direct the heat only to the diseased tissue without affecting the
surrounding healthy tissue.

In this work, we propose a simple model of a tunnel magnetoresistance (TMR) sensor
for the real-time detection of MNPs dispersed in solid material, with potential applications
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in magnetic hyperthermia by detecting the magnetic particles in tissues. To test the detec-
tion performance of the sensor, transparent epoxy resin (EPON 812) was used as a solid
material in which the magnetic particles were dispersed. No magnetic flux concentrators
or permanent magnets were used to operate the proposed sensor, so no additional steps
are required in the fabrication process. The small size of the magnetoresistive device
(400 x 250 um?) allows for the realization of a large number of sensors (100) on a support
of 18 x 18 mm?, which means a simplification of the technological process. The fabri-
cation of the magnetoresistive sensing device and its magnetic properties are described
in this work as well as the detection limits of the Fe-Cr—Nb-B magnetic nanoparticles
dispersed in transparent epoxy resin (EPON 812). The ferromagnetic FeCrNbB nanopar-
ticles (MNPs) prepared by high-energy ball milling from melt-spun ribbons (MSRs) [19]
were submicron powders with a glassy structure, whose peculiarity is that the Curie
temperature range of 15-50 °C can be changed depending on the Cr content [20]. This
makes the magnetic FeCrNbB nanoparticles suitable for biomedical applications, especially
hyperthermia applications.

2. Materials and Methods
2.1. TMR-Based Sensor Microfabrication

For the structure of the TMR-based sensors studied in this work, a thin layer of
magnesium oxide (MgO) was used as the separating layer and CogoFeq9Byg as the free
ferromagnetic layer. To achieve higher magnetoresistance values with better sensitivity, the
thicknesses of the component layers were optimized, resulting in the final configuration
of: Ta (5 nm)/Ru (20 nm)/Ta (5 nm)/CoFe (3 nm)/IrMn (20 nm)/CoFe (2.5 nm)/Ru
(0.85 nm)/CoFeB (3 nm)/MgO (1.8 nm)/CoFeB (3 nm)/Ta (10 nm), where the values
in parentheses indicate the thickness of each layer, as shown schematically in Figure 1.
The thin films were deposited on a Si/SiO, substrate (18 x 18 mm?) using the ATC
2200/ AJA International deposition system (Scituate, MA, USA), which can reach a base
pressure of 5 x 1078 Torr and allows both magnetron sputter deposition and electron beam
evaporation. Except for the MgO barrier layer, which was deposited by electron beam
evaporation, all other thin films were prepared by magnetron sputtering at a working
pressure of 3 mTorr. During deposition, a magnetic field of 100 Oe was applied parallel to
the plane of the thin films to define the easy axis of the ferromagnetic layers.
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Si/Si0,
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Figure 1. Schematic representation of the TMR multilayer structure.

Magnetoresistive sensors used in MNP detection applications must exhibit a linear
change in electrical resistance with the applied magnetic field. It has been shown that in
order to achieve this goal, it is advantageous to design the detection elements in rectangular
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or elliptical shapes (i.e., to have a high aspect ratio). However, as the ratio increases,
the sensitivity of the sensor decreases [21]. In this work, we present a detection element
structure with a low aspect ratio, with the shape of a cylindrical “pillar” and a diameter of
4 pum. The total size of the device (detection element and contacts) was 400 x 250 pum?, so
it is possible to fabricate 100 sensors on a single support. The sensors were divided into
four groups of 25 sensors, marked with numbers and letter symbols so that the distinction
during the measurements was facilitated (Figure 2k). Being a simple technological process,
this type of sensor has the advantage of low cost and short manufacturing time. The
microfabrication process of the sensor includes the following steps:

(1) Definition of a TMR structure with a rectangular shape with a size of 40 x 80 um?
by electron beam lithography (EBL) and ion beam etching (IBE). The detection element and
the bottom contact are later defined on this rectangular structure (Figure 2a).

(2) Definition of the bottom contacts by EBL and IBE and resist stripping (Figure 2b,c).

(3) Definition of the detection element by EBL and IBE (Figure 2d). At this stage, the
surface of the bottom contacts is protected by e-resist in the same lithography step as that
of the pillar.

(4) A 60 nm thick SiO, insulating layer is deposited on the chip surface by sputtering
(Figure 2e). The deposition of the insulating layer is followed by the lift-off process, which
exposes only the surfaces covered by the e-resist (Figure 2f). The purpose of the insulating
layer is to prevent electrical contact with the bottom contact and the top surface of the MT]J.

(5) Definition of the electrical contacts by laser beam lithography and deposition of
Ta (5 nm)/Cu (200 nm). For the measurements, the CPP (current perpendicular to plane)
configuration was used, which consists of the electric current flowing perpendicular to the
plane of the thin films through the electrical contacts, which have a coplanar waveguide
geometry (ground-signal-ground,) Figure 2g).

2.2. Magnetic Annealing

Crystallization of the CoFeB layer by magnetic annealing of the MT] stack with highly
(001)-oriented MgO barriers is crucial for maximizing the tunneling magnetoresistance.
In magnetic annealing, some properties such as a strongly pinned layer or perpendicular
magnetic anisotropy can also be achieved.

The values of temperature, magnetic field, and annealing time can lead to changes in
the crystalline structure of the magnesium oxide layer. Therefore, the annealing parameters
were studied to choose the appropriate values for each of them.

After we studied the annealing parameters, the magnetic tunnel junction multilayer
stack was magnetically annealed for one hour under vacuum conditions at 320 °C and a
magnetic field of 5 kOe. During annealing, the magnetic field was applied in the plane
of the thin films in the direction of the anisotropy induced during deposition and kept at
the same value until the sample reached room temperature. The sample was cooled down
naturally to room temperature in about 20 min. Although the conditions for obtaining the
magnetoresistive structure are still under investigation and improvements are needed, the
images taken with the electron transmission microscope LIBRA®200MC/Carl Zeiss GmbH
(Jena, Germany) and shown in Figure 3 demonstrate the transition of the CoFeB/MgO
interface from the amorphous state before annealing (Figure 3a) to the crystalline state after
annealing (Figure 3b).

2.3. Magnetic Nanoparticles

In order to investigate the detection capability of the sensor, magnetic FeCrNbB
nanoparticles (MNPs) with a diameter of 50-500 nm, obtained by high-energy ball milling
from melt-spun ribbons (MSRs) precursors [19], were dispersed in transparent epoxy
resin (EPON 812) at different concentrations expressed in mass percent. The total mass of
epoxy resin and NP mixture was fixed and the mass of NPs was gradually increased to
obtain concentrations of 2%, 4%, 6%, and 8%. FeCrNbB particles exhibited high saturation
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magnetization and soft magnetic properties, which make them a very good candidate for
magnetic hyperthermia.
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Figure 2. (a—g) Schematic representation of the sensor microfabrication process. (h) SEM image
of the magnetoresistive structure of 40 x 80 um? and (i) pillar detection element. (j) Optical mi-
croscopy image of the final device with coplanar waveguide geometry of the contacts. (k) Schematic
representation of a chip with 100 MT] sensor devices.
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Figure 3. (a) TEM image of the CoFeB/MgO interface before annealing; (b) TEM image of the
CoFeB/MgO interface after annealing.

Since epoxy resin has physical and chemical properties similar to human tissue [22], a
mold of EPON 812 was prepared for the detection tests in which areas without particles
alternated with areas with magnetic particles (Figure 4). Due to its similarity to tissue,
epoxy resin is used in a variety of experiments that require the replacement of living
organisms [23,24], thus avoiding the ethical problems that the use of human or animal
tissue could lead to. Therefore, even in our case, this structure of resin and particles had the
task of simulating a human tissue sample in which magnetic particles had been distributed.

Assembly of
resin and resin + particles

v

P 48
ele?ne::?(z:ar)\.l”/
\

TMR device

Assembly of
resin and resin + particles

(a) (b)

Figure 4. (a) Schematic representation of the resin/resin + magnetic particle assembly with dif-
ferent concentrations and of the magnetoresistive device; (b) Optical image of the sensor and the
resin/resin + particle assembly, before being placed in the detection area.

3. Results
3.1. Sensor Performance

To characterize the performances of the TMR-based sensor, the magnetoresistance
curve was drawn by measuring the electrical resistance of the sensor as a function of the
applied magnetic field generated by a Helmholtz coil system connected to a bipolar source
(Kepko BOP 100-10 MG) and measured with a Gaussmeter equipped with a Hall probe.
The magnetic field was applied in the plane of the thin layers of the TMR structure in the
direction of the anisotropy induced during deposition. A ground-signal-ground (GSG)
probe was used to determine the electrical resistance of the TMR sensor. The system used
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a DC current source (Keithley 2400, Tektronix, Beaverton, OR, USA) and a multimeter
(Keithley 2000, Tektronix, Beaverton, OR, USA) to measure the voltage (Figure 5). Data
acquisition and system control were performed using a program developed in LabView.
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Figure 5. Schematic diagram and image of the experimental setup used for the TMR measurements.

Measurements of the sensor electrical resistance changes as a function of the applied
magnetic field were performed with a bias current of 1 uA flowing through the MT]J sensor.
During the measurements, the magnetic field was applied from —400 to +400 Oe in the
direction of the easy axis of the pinned layer. From the sensor transfer curve (Figure 6),
the proposed TMR sensor had a maximum magnetoresistance ratio of about 53% and a
sensitivity of 1.24%/Oe.

60 T r T T y . . . r 1150
& i 38800000000q,,,, ] 1100
I (' {1050
40 | —41000
I 4950
\? 30 J E
s | 1900 5
= 20 lss0
10l 1800
{750
o, ]
0F o 1700
1 " 1 " 1 n 1 " 1
-400 -200 0 200 400
H(Oe)

Figure 6. Sensor transfer curve.

3.2. Detection of Magnetic Nanoparticles

By using the presented sensor prototype, we demonstrated in this work the possibility
of detecting different concentrations of magnetic particles distributed in a given volume.
Furthermore, the design needs to be improved so that it can be easily used for magnetic
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sensing, especially for MPN detection. The chip structure containing the sensors will be
encapsulated in a chip carrier package that prevents physical damage and corrosion, as
shown schematically in Figure 7. A chip wire bonding machine was used to connect the
chip to the package.

Chip with sensors Gold wire bonds

SNSEANSRSSNN/ /(RRSER SENERSRRSRNERSERNs

Figure 7. Schematic of the housing in which the chip structure is bonded to the chip carrier.

To magnetize the MNPs in order to obtain a detectable stray magnetic field, an external
magnetic field of 20 Oe was applied perpendicular to the film plane of the magnetoresistive
sensor. The sensing direction of the sensor coincides with the direction of the easy axis
of the pinned layer, therefore, the sensitivity of the sensor is not affected by the applied
magnetizing field for the particles.

For the detection measurements, the magnetoresistive sensor was brought to the
region of maximum sensitivity of the magnetoresistance curve and then the output voltage
of the sensor was measured for a few seconds (Figure 8a) for particle concentrations of
2%, 4%, 6%, and 8%. By calculating the average values of the sensor output voltages
measured at the time intervals corresponding to each particle concentration, the graph
in Figure 8b was obtained. It can be seen that the sensor voltage decreased linearly with
increasing particle concentration from 0% to 6%. The voltage value increased slightly at
8%, which may indicate that the sensor is able to quantify particle concentrations up to a
6% concentration, while it reaches a saturation zone at higher values.
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Figure 8. (a) Variation in the sensor output voltage in time for different particle concentrations;
(b) the average value of the output voltages as a function of particle concentration.
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4. Conclusions

We investigated the possibility of detecting magnetic nanoparticles in real-time using
a simple TMR-based sensor model. Therefore, we proved the capability of measuring
various concentrations of MNPs dispersed in a specific volume by utilizing the sensor
prototype that described above. The presented sensor had a relatively high sensitivity and
its fabrication did not require additional technological steps as in the case of using different
configurations involving permanent magnets (Wheatstone bridge or flux concentrators).
It has been shown that the sensor is able to detect in real-time and quantify these concen-
trations up to a saturation value. We believe that the proposed concept of a simple tunnel
magnetoresistance (TMR) sensor for the real-time detection of MNPs could have significant
potential applications in localizing cancer cells by detecting the magnetic particles in tissue
and in cancer therapy by magnetic hyperthermia.
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Abstract: Increasing interest has been given in recent years to alternative physical therapies for cancer,
with a special focus on magneto-mechanical actuation of magnetic nanoparticles. The reported
findings underline the need for highly biocompatible nanostructures, along with suitable mechanical
and magnetic properties for different configurations of alternating magnetic fields. Here, we show
how the biocompatibility of magnetic nanowires (MNWs), especially CoFe, can be increased by gold
coating, which can be used both in cancer therapy and magnetic resonance imaging (MRI). This study
provides a new approach in the field of theranostic applications, demonstrating the capabilities of
core-shell nanowires to be used both to increase the cancer detection limit (as T2 contrast agents)
and for its treatment (through magneto-mechanical actuation). The MNWs were electrodeposited
in alumina templates, whereas the gold layer was electroless-plated by galvanic replacement. The
gold-coated CoFe nanowires were biocompatible until they induced high cellular death to human
osteosarcoma cells via magneto-mechanical actuation. These same MNWs displayed increased
relaxivities (r1, r2). Our results show that the gold-coated CoFe nanowires turned out to be highly
efficient in tumor cell destruction, and, at the same time, suitable for MRI applications.

Keywords: gold-coated magnetic nanowires; electrodeposition; MRI contrast agents; cancer therapy

1. Introduction

Numerous applications in nanomedicine, electronics, and catalysis utilize metallic
materials in the form of nanowires, nanorods, or nanotubes. The physical characteristics of
nanostructured materials are substantially influenced by the particle size and geometry,
and are distinct from those of the same materials in bulk or single-crystal form [1-8].
The increased surface/volume ratio [9,10], the particular shapes of the nanostructured
materials [11], their aspect ratio [12], and the preparation conditions are all responsible for
the change in physical and chemical characteristics [13,14].

The surface chemistry, the geometry of the nanoparticles, and the nature of the mag-
netic material may greatly affect the magnetic behavior of the nanoparticles. Magnetic
nanoparticles have found a series of biomedical applications including hyperthermia, drug
delivery systems, tissue engineering, biomaterial /device coatings, theranostic platforms,
lab on a chip, and magnetic separation due to their specific chemical and physical proper-
ties [15,16]. Moreover, tumor cell destruction by magneto-mechanical actuation of magnetic
particles has been proven as a new promising physical approach in the field. This tech-
nique utilizes mechanical forces to kill the cancer cells through vibrations/rotations of
magnetic particles, including magnetic nanowires (MNWs) [17]. Due to their increased po-
tential in biomedical areas, such as live cell manipulation, cancer treatment, nanowarming,
and/or contrast agents, noble metal and transition-metal nanowires are among the most
investigated nanowires [18-29].
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According to the World Health Organization, cancer is the cause of death for 8.2 mil-
lion people each year, representing approximately 13% of all deaths, and the diagnosis
rate increased by 4.5% from 2014 to 2018 [30]. In order to improve cancer outcome and
survival, early cancer detection remains the priority for both patients and clinicians. In
this context, the development of new useful materials for cancer detection in the earliest
stages is imperative. Moreover, the combination of the diagnosis and therapy provided
by a single-nanomaterial-based platform comes with a series of advantages, such as im-
proved diagnosis, targeted delivery of antitumor drugs, lower cytotoxic effects on healthy
tissues, etc. [31].

However, a major drawback of uncoated nanoparticles/nanowires in biomedical ap-
plications arises from their limited stability over time due to their propensity to clump
together. By using 1D nanostructures, such as nanowires, this drawback may be greatly
overcome since the agglomeration phenomena are less likely to occur in one-dimensional
structures [32]. The cytotoxicity of uncoated magnetic nanoparticles and the fact that
these materials might quickly deteriorate in the human body are other specific drawbacks.
To avoid or diminish the toxicity and to prevent rapid degradation, the surface of the
nanomaterials is often covered with organic molecules, such as chitosan, polyethylene
glycol, or dextran [33,34]. This encapsulation of magnetic nanoparticles in a layer of organic
compounds increases the duration of circulation in the body and affords good biocompati-
bility. However, due to the high reactivity of organic compounds in the blood, the coating
can still be degraded by the human body. In order to avoid the rapid biodegradation
of nanomaterials and to reduce their toxicity, a new method has been developed which
involves coating magnetic nanoparticles with noble metals, because they are known to be
nontoxic and stable in the human body [35]. The new smart materials prepared following
this route are multifunctional, meaning they can be used both for diagnosis and treatment.
The advantages of using noble metal (e.g., Au) to coat magnetic 1D nanoparticles arise
from their high biocompatibility, high corrosion resistance, high chemical and physical
stability, and increased capability to be functionalized via a thin, biocompatible layer of
the noble metal, which creates an ideal interface to bind other biofunctional molecules via
thiol groups [36].

A versatile method for metal plating is electroless deposition, representing a spon-
taneous or in situ reduction of metal ions to their metallic state in the absence of an
external power source [37]. This particular method can be used to prepare core-shell
nanostructures, in order to improve the mechanical, physical, and chemical properties of
the nanomaterials [38,39].

The aim of this work was to prepare a new nanocomposite material, based on core—
shell nanowires, to be used in theranostic applications, especially in oncology. To this end,
we have developed an easy two-step method based on the electrodeposition of magnetic
material into AAO (Anodic Aluminum Oxide) templates, followed by a galvanic displace-
ment reaction to prepare core—shell MNWs as follows: NiFe@Au, CoPt@Au, CoFe@Au.
The most biocompatible core-shell nanowires were tested for rapid in vitro destruction
of cancer cells by magneto-mechanical actuation as well as for their MRI capabilities. Re-
markably, r2 transverse relaxivities up to 10.64 mM~! s~! (at 1.5 T), together with a higher
biocompatibility, were achieved when CoFe@Au core—shell nanowires were used. This
capability allows highly accurate cancer cell detection. At the same time, the as-prepared
core-shell nanowires manifested an efficient antitumor effect when the AMF (Alternating
Magnetic Fields) was applied. Our study showed for the first time the ability of core-shell
nanowires to be used for theranostic applications. More specifically, we prepared magnetic
core nanowires based on NiFe, CoPt, and CoFe alloys via electrodeposition inside AAO
templates, followed by gold-shell electroplating. The as-prepared core-shell nanowires
were analyzed from a morphological, compositional, and structural point of view using
scanning electron microscopy, energy-dispersive X-ray spectroscopy, and X-ray diffrac-
tion, respectively. Next, the biocompatibility of the gold-shell nanowires was evaluated
using an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. The
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antitumor effect of the NW-mediated magneto-mechanical actuation was evaluated, and
the relaxation times were determined on a Bruker Minispec mq60 NMR analyzer at 1.5 T.
The results show that the as-synthetized gold-shell nanowires can be successfully used for
theranostic applications.

2. Materials and Methods

The MNW core was synthesized by pulse electrodeposition in a closed three-electrode
cell from an aqueous electrochemical bath containing the ions of the core magnetic materials
(Ni, Fe, Co, and Pt) into the nanopores of the AAO templates (with pore diameters of 200 nm
and a template thickness of 40 pm) provided by Whatman Ltd. (Chalfont St. Giles, Eng-
land). The applied potential was controlled through a Bipotentiostat/Galvanostat HEKA
PG 340 (HEKA, Ludwigshafen/Rhein, Germany). After performing the electrodeposition,
the magnetic core nanowires were liberated from the template by dissolution of the alumina
in an aqueous 3 M NaOH solution. Finally, a gold shell was plated from a tetra-Chloroauric
(IIT) acid aqueous solution. All reagents for synthesis and analysis were of 99.98% purity
and procured from AlfaAesar, (Karlsruhe, Germany). The length and morphology of the
as-prepared nanowires were observed by HR-SEM (high-resolution—scanning electron
microscopy) using a CrossBeam System Carl Zeiss NEON40EsB (Carl Zeiss, Jena, Ger-
many). The elemental composition was determined by EDX (energy-dispersive X-ray
spectroscopy) measurements. The crystalline structure of the electrodeposited nanowires
was studied by X-ray diffraction (XRD) by means of a Bruker AXS D8-Advance X-Ray
Diffractometer (Bruker, Brno, Czech Republic )with parallel optical geometry using Cu
Ko radiation (A = 1.5406 A). The relaxation times (longitudinal—T1 and transverse—T2)
were measured on a Bruker Minispec mg60 NMR Analyzer (Bruker, Woonsocket, USA)
at 1.5 T (60 MHz) at 25 °C using the inversion recovery sequence and the Carr-Purcell-
Meiboom-Gill sequence, respectively. Prior to the measurements, the core-shell nanowire
surfaces were functionalized using poly(ethylene glycol) 2-mercaptoethyl ether acetic acid,
SH-PEG-COOH.

The in vitro biocompatibility of the core-shell NiFe, CoFe, and CoPt nanowires and
their core—shell counterparts was tested on human fibroblast cells while the potential
antitumor effect of the most biocompatible nanowires, i.e., CoFe@Au, was tested on human
osteosarcoma cells. The cell viability was evaluated using the MTT assay, a test that consists
of the cell reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide to
formazan. Briefly, cells were seeded in 96-well plates until confluency, when the nanowires
dispersed in cell media were added. For biocompatibility, the MTT assay was performed
24 h after co-incubation of cells with nanowires, while for the magneto-mechanically
actuated ones, the samples were first treated in the magnetic field and evaluated after
another 24 h.

All the experiments were performed in triplicate. Statistical analysis was performed
using Microsoft Excel 2013 to calculate the mean £ SD and Origin 2019 software to test for
differences between means through ANOVA analysis with a post hoc Tukey’s test.

3. Results
3.1. Core=Shell Nanowire Preparation

The main steps of preparing nanowires with a magnetic core and Au shell, using
electrodeposition inside AAO (anodic aluminum oxide) templates, followed by Au shell
coating using electroless plating, are shown in Figure 1.
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Figure 1. Schematic diagram of preparation of core—shell nanowires. The nanowires were functional-
ized with Thiol-PEG-Carboxyl (SH-PEG-COOH).

The synthesis of the core-shell nanocomposite materials involved several steps. In the
first step, the synthesis of MNWs was conducted by electrodeposition of the magnetic mate-
rial inside the nanopores of AAO template. In the second step, the nanowires were released
from AAO by dissolution of the AAO template in an aqueous 3 M NaOH solution. Finally,
a thin layer of Au was deposited on the surface of the MNWs by galvanic displacement.

Magnetic NiFe, CoPt, and CoFe nanowires, used as core magnetic materials, were
grown by electrodeposition inside the AAO template procured from Whatman International
Ltd. AAO templates with diameters of 25 mm, thicknesses of 40 pm, and nominal pore
diameters of 200 nm were used. Prior to the alloy electrodeposition, thin layers of Ti (10 nm)
and Cu (300 nm) were deposited by sputtering onto one side of the AAO template, covering
the pores completely, and serving as a working electrode during the electrodeposition. The
role of the 10 nm Ti layer was to increase the adherence of the Cu layer to the AAO. Each
magnetic material was electrodeposited from a different electrochemical bath containing
the ions of the metals that are found in the composition of the alloy.

The electrodeposition of NiFe alloy nanowires was carried out in a sulfate/chloride
plating solution containing 0.4 M H3BOj3, 0.3 M NH4Cl, 0.2 M NiSO4-6H,0, 0.02 M
FeSO4-7H0, 5 mM saccharin as a Na salt, and 0.3 mM sodium lauryl sulfate (Na-LS). The
electrolyte solution was adjusted to pH 3.0. These relatively high concentrations of Fe?* and
Ni2* salts were used following recently proposed concentration optimization in the case
of NiFe nanowire electrodeposition [5]. The potential was pulsed between —1.0 V/SCE
during a “time-on” period of 2.5 s and a “rest” potential of —0.7 V/SCE during a time-off
period of 1s.

The electrolyte used for the electrodeposition of the CoPt alloy was a stable hex-
achloroplatinate CoPt solution with pH = 5.5 containing 0.4 M H3BO3, 0.3 M NH4Cl, 0.1 M
Co0S04-7H,0, and 0.00386 M H,PtClg, with saccharine as an additive. The solution pH was
adjusted using an aqueous solution of 0.1 M NaOH [40]. The CoPt alloys were electrode-
posited by pulsing the potential between —0.8 V/SCE during the time-on period of 2.5 s
and —0.1 V/SCE during the time-off period of 1 s.

The CoFe nanowires were electrodeposited by pulsing the potential between —1.15 V/SCE
during the time-on period of 2.5 s and —0.7 V/SCE during the time-off period of 1 s,
using a sulfate/chloride plating solution containing 0.4 M H3BO3, 0.3 M NH4Cl, 0.1 M
Co0S04-7H,0, 0.2 M FeSO4-7H,0, 1.0 mM malonic acid as an organic additive (MA), and
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0.3 mM sodium lauryl sulfate (Na-LS) as a wetting agent. The electrolyte solution was
adjusted to pH 3.0 [11].

The pulse electrodeposition was performed in a three-electrode cell with a platinum
wire as a counter electrode, an AAO template working electrode, and a saturated calomel
electrode (SCE) reference. The cell volume used for the experiments was 100 mL. A
schematic representation of the experimental process is presented in Figure 2.

Figure 2. Schematic diagram of the experimental setup. The electrolyte contained different positive
and negative metal ions: Co?*, Pt2*, Fe?*, Ni?t, C1—, HO .

The crystallinity and the purity of the as-prepared nanowires were checked with the
XRD analysis, with the data being presented in the Supplementary Materials, Figures S1-53.
Our data show that NiFe as well as CoFe presented a cubic structure while CoPt had a
hexagonal structure. The diffraction patterns presented only the reflections of the NiFe,
CoPt, and CoFe alloys (from the electrodeposited nanowires), with no other peaks being
visible on the diffractograms. After the preparation of the magnetic core in the nanopores
of the AAO template, the AAO membrane was dissolved in a 3 M NaOH aqueous solution
in order to release the nanowires. After template dissolution, the MNWs were rinsed
several times with distilled water and magnetically separated. In the next step, a thin
coating of Au was chemically deposited by electroless plating on the surface of the MNWs.
In order to cover the MNWSs’ surface with Au, the washed nanowires were immersed in
Au plating solution for 5 min. The plating solution contained 0.5 mM HAuCly and 5M
H;3BO;3. The experiments were carried out at room temperature. In order to measure the
relaxation times, the surfaces of the CoFe@Au core—shell nanowires were functionalized
according to the procedure presented previously by Shore et al. [41] as follows: 1 mL of
the SH-PEG-COOH solution was poured onto the nanowires, mixed, and left overnight to
functionalize.

3.2. Morphological and Compositional Characterization

The properties of nanowires are significantly impacted by their shape, aspect ratio,
and composition. Hence, it is crucial to evaluate these characteristics. In this context,
extremely precise control over the synthesis parameters is required to produce alloys with
very low batch-to-batch variations. After electrodeposition, the cross-section of the AAO
template with nanowires within was examined by HR-SEM. All samples had an identical
distribution of electrodeposited material inside the AAO template as seen in the HR-SEM
pictures. The length of the electrodeposited nanowires was 1 £ 0.2 um.
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Figure 3 shows a typical HR-SEM image of an AAO template cross-section filled
with electrodeposited MNWs, including NiFe nanowires (Figure 3a,d), CoPt nanowires
(Figure 3b,e), and CoFe nanowires (Figure 3c,f). The measured diameter of the nanowire
was 200 nm.

|

3; \‘.!J. ij; i AJ,L; ﬂ‘ \‘A ‘.‘

(d) (e) (f)

Figure 3. HR-SEM image of the AAO template cross-section filled with electrodeposited MNWs,
including (a,d) NiFe nanowires, (b,e) CoPt nanowires, and (c,f) CoFe nanowires. Note: the AAO is
dark in SEM along the Debye length (where electrons are conducted to the MNWs), above which it is
bright due to charging.

The preparation process of core-shell nanowires was characterized, after each syn-
thesis step, by scanning electron microscopy (SEM). Figure 4a shows an SEM microscopy
image of CoFe nanowires prepared and released from the AAO template, connected via the
Cu working electrode. In order to remove the Cu electrode, prior to the Au coating process,
the nanowires were rinsed with an aqueous 0.1 M HNOj3 solution. In this way, the thin Cu
layer was dissolved and the CoFe magnetic core nanowires were detached from the Cu
electrode. Figure 4b (as well as Figure S4 in the Supplementary Materials) shows the SEM
picture of the core-shell nanowires with a magnetic CoFe core and Au coating.

The SEM microscopy images show that the nanowires were completely released from
the AAO template during the dissolution step and the fact that the nanowires” surface
was covered with a thin layer of Au. This is also clear from EDX analysis. Figure 5 shows
the SEM images of the magnetic core—shell nanowires of CoPt and NiFe with Au sheaths,
respectively, together with the obtained EDX spectra. The amount of Au in the two samples,
determined using EDX analysis, was 6%. The compositional analysis indicates that the
prepared samples contained the following elements: NiFe and Au (for the NiFe@Au core—
shell nanowires), Co, Pt, and Au (for the CoPt@Au core—shell nanowires), and Co, Fe, and
Au (for the CoFe@Au core-shell nanowires). These elements are also the ones we expected
to find; nickel, cobalt, platinum, and iron came from the electrodeposited magnetic core,
while gold came from the coating made of noble metal.
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Figure 4. (a) SEM micrograph image of CoFe nanowires released from the nanoporous alumina mem-
brane; (b) SEM micrograph image of core-shell nanowires with CoFe magnetic core and Au coating.

3.3. Evaluation of the Gold-Shell MNWs for Theranostic Applications

In order to determine the plausibility of their use for biomedical applications, we
analyzed the “in vitro” biocompatibility of the core-shell NWs and their potential to
be used for tumor cell destruction. The ability of artificial materials not to produce a
negative reaction from the host’s immune system, especially an inflammatory one, in a
specific application, preserving its designed functionality related to a biomedical treatment,
is generally known as biocompatibility. Testing a medical device’s biocompatibility is
mandatory to guarantee patient security.

Biocompatibility Evaluation of the Core-Shell Nanowires

The biocompatibility of the as-prepared core—shell nanowires was evaluated using
human fibroblast cells after co-incubation for 40 h. Cell viability was determined using the
MTT assay (5-dimethylthiazol-2-yl-2, 5-diphenyltetrazolium bromide), according to the
supplier’s instructions. Dimethyl sulfoxide was used as the dissolving agent, whereas the
absorbance was read at 570 nm (Synergy HTX Multi-Mode Reader—Bioteck, Santa Clara,
USA). Cell viability (CV), expressed by optical density (OD), was calculated using the
formula CV =100 x (ODs — ODb)/(ODc — ODb), where ODs = OD of the cells incubated
with nanowires; ODb = OD of blank (media only); ODc = OD of untreated (control) cells.
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Figure 5. EDX spectra and SEM micrograph images of as-prepared core-shell nanowires: (a)
NiFe@Au; (b) CoPt@Au; (c) CoFe@Au.
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The results are shown in Figure 6. Bare and gold-coated CoPt nanowires were found
to be the most cytotoxic to fibroblast cells. At the opposite pole, CoFe@Au nanowires
were found to be highly biocompatible, as were NiFe and NiFe@Au nanowires. Statistical
analysis indicated that there was a significant difference between CoFe@Au NWs and
CoPt@Au NWs, but not between NiFe@Au NWs and CoPt@Au NWs. Additionally, we did
not observe a statistical difference between CoFe@Au NWs and NiFe@Au NWs. However,
similar viabilities would have been expected from the coated nanowires regardless of the
metallic core. This difference between the coated nanowires may simply be the result of
the different quality properties of the gold coatings during electroless plating induced by
the different galvanic potentials of the metallic substrates, for an identical reaction time.
Therefore, an optimized electroless plating would most likely lead to similar viability results
for all gold-coated nanowires, regardless of core composition. However, by corroborating
the statistical and the absolute viability results, we considered only CoFe@Au nanowires in
testing antitumor capabilities via magneto-mechanical actuation.
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Figure 6. Cell viability of bare NiFe, CoPt, CoFe, and gold-coated (@Au) nanowires for
0.2 mg/mL concentration.

In order to increase the efficiency of the magneto-mechanic process, magnetic nano-
materials with improved magnetic susceptibilities, such as nickel, cobalt, or NiFe alloys,
coated with a gold layer to ensure biocompatibility, may be required [17]. A collateral
advantage of a gold layer on nanowires is the possibility of grafting organic molecules via
self-assembly of thiolates [17], which are known to quickly adsorb on gold surfaces.

Magneto-Mechanical Destruction of Tumor Cells Incubated with CoFe@Au Nanowires

The antitumor effect of the NW-mediated magneto-mechanical actuation was eval-
uated on a culture of human osteosarcoma cells incubated with NWs in 96-well plates,
at a density of 1 x 10° cells/well, and 0.2 mg NWs/mL, in an alternating magnetic field.
Each well contained 0.2 mL of culture medium. The nanowire solution was prepared by
weighing the 0.2 mg of dried CoFe@Au core—shell nanowires, followed by their release in
the culture medium. In order to generate and control the magnetic field, a Helmholtz coil
system and proprietary software were used. The well plate was positioned at the center of
the system, and the magnetic field (85 Oe) was rotated with a frequency of 2 Hz.

The results show a decrease in the tumor cell viability down to 20% when the AMF
was applied for 30 min (Figure 7). Given the reduced time of AMF application and one-
shot treatment, the decrease in the cell viability is very significant. Most probably, serial
applications of the AMF for longer time periods induce a more intense cytotoxic effect
on such tumor lines. Compared to other reported data [17], the synthesized CoFe@Au
nanowires afforded one of the best results in terms of “in vivo” antitumor efficacy, given
the treatment time period. Consequently, we assume that this type of magnetic gold-coated
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nanowire could be considered for magneto-mechanical therapy of solid tumors. Regarding
the magnetic properties of the CoFe nanowires, a detailed analysis can be found in our
previous reported work [11], including data about the easy axis of the magnetization that
was found to be parallel to the longitudinal axis of the nanowire.
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Figure 7. Viability of human osteosarcoma cells incubated with nanowires, in alternating magnetic
field (AMF).

Evaluation of the CoFe@Au NWs for Their Use as T2 Contrast Agents

The relaxation times (longitudinal (T1) and transverse (T2)) of the core—shell MNWs
in deionized water were determined on a Bruker Minispec mq60 NMR analyzer at 1.5 T
(60 MHz) at 25 °C using the inversion recovery sequence and the Carr-Purcell-Meiboom-—
Gill sequence, respectively. Prior to the experiments, the CoFe@Au core—shell nanowires
were subjected to SH-PEG-COOH functionalization, as previously described. The mea-
surements showed that the r1 and r2 relaxivity values were 0.38 and 10.64 mM~! s~1,
respectively, while the r2/rl ratio was 28. The r2/r1 ratio value indicates if the com-
pounds can be used as T1l-dominated contrast agents (compounds showing 12/r1 < 5)
or as T2-dominated contrast agents (compounds showing 12/r1 > 8). Our data clearly
showed that the as-prepared CoFe@Au core—shell nanowires can be used as T2-dominated
contrast agents.

4. Conclusions

In this work, gold-coated MNWs (with magnetic cores formed by NiFe, CoPt, or
CoFe) were successfully prepared by combining electrodeposition inside AAO templates
with electroless plating. The microstructure and the chemical composition of the as-
prepared magnetic core, as well as the core—shell nanowires, were analyzed by SEM
and EDX techniques, which showed nanowires of about 1 um in length and a uniform
Au shell over the magnetic core. The amount of Au determined by EDX was about 6%,
regardless of the nature of the magnetic core. The biocompatibility of the as-prepared
nanocomposite materials were also evaluated, with the results showing that the CoPt@Au
core-shell nanowires manifest the poorest biocompatibility, while the CoFe@Au core-shell
nanowires manifest the highest biocompatibility value. Accordingly, the CoFe@Au core—
shell nanowires were further tested for a theranostic application, i.e., the capacity for
tumor destruction through a magneto-mechanical process, as well as the evaluation of
their relaxation times. The obtained data showed a decrease in the tumor cell viability
of about 80% after 30 min of magnetic actuation in an alternating magnetic field. At the
same time, the relaxation time measurements showed that the r2 value of the CoFe@Au
core—shell nanowires was 10.64, while the r2/r1 ratio was 28. The results show that the
as-prepared magnetic core-shell nanowires can also be successfully used as T2-dominated
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contrast agents. In conclusion, in accord with the aim of this work, we have successfully
demonstrated that CoFe@Au nanocomposite materials in shape of nanowires can be used
for theranostic applications, with the materials manifesting good biocompatibility, tumor
destruction capacities, and high relaxation time values. Future work will be carried out in
order to evaluate the influence of the core-shell nanowires” aspect ratio (e.g., ratio between
nanowires’ diameter and length) on their theranostic application potential. In this regard,
CoFe@Au core-shell nanowires with different lengths (ranging from 0.3 to 1.5 um) and
different diameters (45, 75, and 200 nm) will be prepared, and the biocompatibility, the
capacity for tumor destruction, and the relaxation time will be determined.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/coatings12111755/s1, Highlight section; Figure S1: XRD
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Figure S3: XRD patterns of the CoFe nanowires arrays; Figure S4: SEM picture of the CoFe@Au
core-shell nanowires.
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Abstract: The development of dental implants has significantly advanced due to technolog-
ical innovations aimed at improving their performance and patient outcomes. This work
presents key factors influencing the success of dental implants, including osseointegration,
which is the direct connection between living bone and the implant surface, and the various
surface modifications that enhance this process. This review highlights the importance
of surface roughness, chemical composition, and the use of bioactive coatings to promote
better integration with surrounding bone tissue. Innovations such as nanotechnology,
3D printing, and smart surfaces are paving the way for more effective and personalized
dental implant solutions. This review underscores the importance of ongoing research
and development to improve success rates, enhance patient comfort, and reduce healing
times. It focuses on creating cost-effective, reliable methods that integrate multiple func-
tions, such as combining antibacterial and osteoconductive properties to improve overall
implant performance.

Keywords: biomaterials; dental implants; long-term use; osseointegration; peri-implantitis;
surface modification; titanium

1. Introduction

The development of dental implants is driven by technological advancements [1-3],
patient demand [4,5], aging population [4,6-8], cost considerations [9-12], very high success
rates between 90% and 98% [13-15], market growth—which is expected to expand at a
compound annual growth rate (CAGR) of 9.8% from 2024 to 2030, reaching USD 9.62 billion
by 2030 [16]—and patient expectations [17-20]. These factors collectively underscore the
importance of ongoing innovation in the field of dental implants.

Dental implant surface modification is a critical area of research aimed at enhancing
the osseointegration and longevity of dental implants. This field has seen significant
advancements in recent years, driven by the need to improve the biocompatibility, stability,
and overall success rates of dental implants [1,13-15,21-28]. A graphical representation
of data from a Scopus database search was created to illustrate the trend in publications
related to dental implant surface modifications from 1975 to 2024 (Figure 1). The data
indicate a timeline of publications spanning 49 years, highlighting the growth in research
on this topic over time. The results shown in Figure 1 were the basis for a large analysis of
trends in dental implant research, particularly concerning surface modifications, driven by
the potential to improve implant performance and patient outcomes.

Coatings 2025, 15, 109 https://doi.org/10.3390/coatings15010109
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Figure 1. The number of publications on dental implant surface modifications indexed in the Scopus
database from 1975 to 2024 (collected on 28 October 2024).

The analyzed studies highlight the need for more comprehensive long-term studies
on dental implant surface modifications [29-41]. It was found that bioactive modifications,
such as collagen-based coatings and combinations with bone morphogenetic protein-2
(BMP-2), aim to enhance osseointegration and implant longevity by improving biological
properties for better bone integration [29,34-39]. Various biomolecular coatings, including
bone morphogenetic proteins, growth factors, peptides, and extracellular matrix molecules,
have shown early-stage benefits for bone formation and osseointegration [31,40,41]. The
addition of bioactive molecules to titanium surfaces is a novel research area, with promising
short-term results, but long-term clinical studies are needed to validate these benefits [31].

The reported results also show that laser modification is rapidly evolving as a physic-
ochemical surface process for dental implants [42-48]. This technique creates complex
surface topographies that enhance osseointegration and reduce bacterial colonization with-
out affecting bulk properties [42—44,46]. Key parameters like repetition rate, pulse energy,
scanning speed, and smoothness must be controlled to achieve the desired surface charac-
teristics. Laser-modified surfaces promote better osseointegration, minimize bone loss, and
allow the direct attachment of periodontal ligaments, acting as a barrier against bacterial
invasion [42,43]. Additionally, laser modification improves optical, frictional, and biological
properties, making implants more suitable for clinical applications [43]. Recent studies
indicate that laser-modified surfaces significantly enhance early peri-implant bone healing
and overall implant stability, increasing interest in their clinical use [44,45].

Previous research emphasizes that nanoengineering techniques modify dental implant
surfaces at the nano-scale to influence osseointegration by altering surface features for
better interaction with bone cells [30,37,49-51]. Ongoing research aims to develop new
surface treatments, combining physical, chemical, and biological modifications to enhance
implant surface properties [51].

This review article provides a comprehensive overview of current advancements and
techniques in modifying dental implant surfaces. It details various surface treatments,
including acid etching, plasma spraying, and coating applications, and their effects on
biocompatibility, osseointegration, and clinical performance. The review updates readers
on strategies to improve success rates and healing processes, emphasizing the importance
of surface roughness and other properties in enhancing implant-bone interaction and
reducing bacterial colonization.
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2. Mechanism of the Osseointegration Process

The success of implant treatment highly depends on osseointegration, confirmed by
implant immobility and the absence of inflammation [27,31,48,52-59]. Osseointegration
is the direct morphological and functional connection between living bone tissue and the
implant surface [59]. Key factors of osseointegration include the implantation technique,
the primary stabilization of the implant in the embedded bone, bone quality, implant
surface type, and loading method. Primary stabilization, influenced by bone density,
implant shape, and surface type, is crucial for osseointegration [60-63].

Increased implant stability can be achieved by increasing the length or diameter
of the implant, especially in lower-density bones [64-69]. Increasing implant diameter
helps prevent bone resorption by reducing stress around the implant neck and better
distributing forces on the alveolar bone. Biomechanically, threaded screw implants with
various thread pitches optimize force transfer [70]. Implant surface topography also affects
stabilization [70]. Rough surfaces with numerous micro-hooks improve anchoring and
force distribution compared to smooth surfaces. They facilitate easier force transfer acting
on the bone through the prosthetic structure and promote bone growth on the implant
surface [71-77]. Despite the high clinical success of titanium dental implants, the cellular
and molecular mechanisms behind osseointegration are not fully understood, mainly
due to limited methodological tools in this field [78-82]. Titanium is now seen as an
immunomodulatory biomaterial, as its implantation triggers a transient inflammatory state
that may activate the immune pathways involved in osseointegration [83-88].

Research on osseointegration primarily focuses on surface modifications of titanium
endosseous implants to enhance fusion with bone tissue [78,89,90]. In vitro studies examine
surface topography, structure, and chemical composition to improve bone cell differen-
tiation and mineralization, but are limited by the intrinsic characteristics of cell cultures,
which do not fully simulate in vivo interactions. Preclinical evaluations are often conducted
in animals with robust skeletal structures, such as minipigs and dogs, which can mimic
human craniofacial bone architecture. However, these models have limitations, including
size, weight, and a lack of specific experimental tools, making it challenging to understand
the biological basis of osseointegration [66,91-101].

The osseointegration process of a titanium dental implant in the edentulous space
between the maxillary right first molar and incisor along the alveolar crest in mice was
studied at 3, 7, 14, and 21 days post-implantation [94], as shown in Figure 2. Molecular tests
were conducted on 48 one-week-old male wild-type C57Bl/6 mice with an average weight
of 25 g. Osseointegration kinetics identified the key elements responsible for cell migration,
proliferation, mesenchymal stem cell (MSC) deposition, maturation, angiogenesis, bone
formation, and bone remodeling at the implant-bone interface. Biguetti et al. [94] found that
osseointegration in C57Bl/6 mice involves multiple stages, including the host’s immune
inflammatory response, bone cell differentiation, new bone formation and maturation on
the titanium surface, and bone remodeling, which overlap during the process.

Bone healing and osseointegration are complex processes involving inflammation, cell
migration and differentiation, matrix formation and mineralization, and remodeling, ulti-
mately leading to stable implant anchorage [94-126]. After surgical trauma, bone healing
begins with an acute inflammatory reaction, characterized by the release of inflammatory
mediators like histamine and prostaglandins, increasing vascular permeability and attract-
ing neutrophils to the site [94,102-104]. This phase includes blood clot formation, which
serves as a scaffold for healing.
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Figure 2. Osseointegration process of titanium dental implant 3, 7, 14, and 21 days after implantation
in mice [94].

The disruption of blood vessels and bone nutrition leads to local necrosis and inflam-
mation. Micro-cracks from surgery stimulate bone healing by releasing factors like TGF-3,
VEGE-B, and various cytokines [94,105-109]. Bone morphogenetic proteins (BMPs) are
crucial, inducing the differentiation of cells into osteoblasts and initiating bone formation. A
temporary granulation tissue rich in growth factors forms, and the pH around the implant
initially decreases but returns to normal [94,110-112].

The blood clot organizes into a protein network, forming young connective tissue on
the implant surface. Platelet activation influences the expression of growth factors and
cytokines, promoting new blood vessel formation, cell migration, and differentiation into
osteoblasts [94,113-116]. Approximately 7 days post-surgery, bone-forming cells secrete an
osteoid matrix, which matures and mineralizes over time, replacing the initial repair bone
with mature lamellar bone [94].

The remodeling phase involves bone resorption and apposition, strengthening the
repair bone and increasing the bone-implant contact (BIC) coefficient [117-119]. Osteo-
clasts and precursor cells become active, regulated by the RANKL/RANK/OPG signaling
pathway [94,120-123]. In challenging cases, stem cells and bone-forming agents like BMPs
and platelet-rich plasma (PRP) can accelerate healing and enable immediate implant load-
ing [94,124-126].

Surface modifications of dental implants are proposed to accelerate their osseointegra-
tion and increase their biological activity [28,127-132]. The roughness of the implant surface
plays a crucial role in the initial stability and long-term success of the implant. While mod-
erate roughness can enhance osseointegration by promoting better bone-implant contact,
excessive roughness can increase the risk of bacterial colonization and subsequent infection.

3. Types of Dental Implant Surface
3.1. Machined Surface

In the 1970s, titanium dental implants with a smooth (machined) surface were intro-
duced to the dental market (Figure 3 [133]). The machined surface of dental implants is
characterized by several key features that influence their clinical performance and integra-
tion with bone tissue. However, machined surfaces are relatively smooth compared to other
types of implant surfaces, and due to the low development of the surface topography, show
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the lowest degree of osseointegration [129,134-140]. This smoothness is achieved through
mechanical processes such as turning or milling, which result in a uniform and polished
surface finish [135,136]. The roughness of machined surfaces is typically low, which can
be quantified using parameters such as Ra (average roughness). This low roughness can
affect the initial interaction between the implant and bone tissue, influencing the rate and
quality of osseointegration [137-139]. The arithmetic mean deviation of the roughness
profile (Ra) for implants with a machined surface obtained by machining ranges from
0.8 to 1.2 pum. It should be noted that the values of surface roughness parameters like
Ra and Rq depend on the measurement length (or area) and the technique used. It is a
common misconception to treat these values as “absolute numbers” without specifying
the measurement conditions, which can lead to misunderstandings. To ensure accurate
interpretation and comparison, always include the length or area over which the roughness
parameters were measured and the specific method or equipment used. Different lengths
can yield different values, and comparing data obtained with different techniques can lead
to incorrect conclusions. Including this essential information when presenting roughness
data helps us to understand the context and limitations of the provided values [141].

I um

(b)

Figure 3. (a) Machined WINSIX dental implant by BioSAF IN [133]; (b,c) SEM image of a titanium
implant with machined surface [134].

The machined surface of titanium implants is isometric, anisotropic, and characterized
by the presence of parallel grooves with a width of about 10 um [129]. The thickness of the
TiO; layer on the machined surface is approximately 17 nm. Machined implants have the
lowest BIC of approximately 15%, which is associated with an increased risk of implant
failure [139]. The wettability of machined surfaces can vary, but they generally exhibit mod-
erate hydrophilicity. This property is important as it affects the initial blood clot formation
and subsequent cellular attachment, which are crucial steps in the osseointegration pro-
cess [138]. While machined surfaces are generally smooth, they can still possess micro- and
nano-topographical features that can influence cell behavior and tissue integration. These
features, though subtle, can modulate the early biological response to the implant. Ma-
chined surfaces are typically made of biocompatible materials such as titanium or titanium
alloys, which are known for their good biocompatibility and corrosion resistance. This
ensures that the implant does not cause adverse reactions within the body [140]. Machined
surfaces have been used in dental implants for many years and have shown good clinical
performance. They are often used in situations where a smooth surface is preferred, such as
in areas with high aesthetic demands or in patients with specific medical conditions [142].

Examples of machined titanium dental implants include the Branemark Standard
Implants system by Nobel Biocare, the Restore Machined Implants system by Lifecore Den-
tal, and the Machined WINSIX Implants system by BioSAF IN [143,144]. The Branemark
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Standard Implants system is known for its parallel-walled design, which is recommended
for all bone qualities. The implants feature a machined collar of 0.8 mm for various sizes,
such as NP 3.3 and RP 3.75 [143]. The Restore Machined Implants system utilizes machined
titanium implants designed to provide a smooth surface that promotes bone integration
and stability [144]. The Machined WINSIX Implants system also employs machined ti-
tanium implants, focusing on achieving optimal bone-to-implant contact and long-term
success [144].

3.2. Titanium Plasma Surface

The first modification of the surface of titanium implants performed in 1976 was their
coating with titanium plasma (TPS), produced by the thermal spraying of titanium powder
in a plasma stream [145,146]. The TPS surface of dental implants is characterized by several
key features that enhance their biological performance and integration with bone tissue.
The plasma treatment creates a roughened surface with micro- and nano-topographical
features. The roughness of Ra is typically in the range of 20 to 30 um, which is achieved
by depositing a porous titanium coating using plasma spray technology. The thickness of
the TPS layer is from 30 to 40 um. The TPS surface is highly porous, which increases the
surface area available for bone tissue interaction. This porosity is crucial for promoting
osseointegration, as it allows for better bone ingrowth and mechanical interlocking with
the implant [78,145-149]. The TPS surface is characterized by numerous undercuts and
intrusions (Figure 4 [148]). Implants covered with a TPS layer increase the BIC coefficient
by 6 times in comparison with implants with a machined surface [150]. The increase in the
development of the implant surface with the TPS surface improves the implant-bone tissue
connection, and the roughness being 10 times greater than in the case of the machined
surface causes faster bone resorption around the implant during long-term use. The plasma
treatment can improve the wettability of the titanium surface, making it more hydrophilic.
This property is beneficial for the initial blood clot formation and subsequent cellular
attachment, which are critical steps in the osseointegration process [151]. Titanium and
its alloys are inherently biocompatible, and the plasma treatment further enhances this
property. The resulting surface is able to bond with osteoblasts, promoting bone formation
and integration with the surrounding bone tissue [151]. The plasma-coated surface can
improve the mechanical properties of the implant, such as its wear resistance and fatigue
strength. This is particularly important for ensuring the long-term stability and durability
of the implant [152]. Some plasma treatments can incorporate antibacterial elements, such
as silver nanoparticles, which can reduce the risk of infection and improve the overall
success rate of the implant [153].

Titanium dental implants with a TPS surface are manufactured by Densply Friadent
in the IMZ TPS system [154], Straumann Institute in the Bonefit system [155], Lifecore
Dental in the Restore TPS system [156], Nobel Biocare in the Steri-Oss TPS system [157],
and Spotimplant in the IMZ Original system [148]. The implants in the IMZ TPS system
are designed to mimic the shape of natural tooth roots, which helps in achieving a more
natural and secure fit during the implantation process. This system includes various types
of implants, such as cylinder and screw implants, which can be used in different clinical
scenarios to meet the specific needs of patients. The implants in the IMZ TPS system
feature an intermobile element that acts as a stress buffer between the implant and the
surrounding bone, which helps in distributing the forces more evenly and reducing the
risk of implant failure. The Bonefit system was introduced in 1986 as a two-piece implant
system with a smooth transgingival shoulder, which was a significant advancement in
soft-tissue-level implant design [155]. The Straumann Research Institute has been involved
in the development and continuous improvement of the Bonefit system. The Restore
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TPS system is a well-documented and FDA-approved dental implant system known for
its titanium plasma spray coating, external hexagon connection, and compatibility with
various abutments [156]. It has been evaluated positively in long-term studies. The Restore
TPS system is a bone-level implant, meaning the implant is placed at the bone level, and the
abutment is connected to the implant after the healing period. This system is compatible
with various abutments, including temporary abutments with a textured surface for acrylic,
available in locking or non-locking options for single and multiple-unit restorations. The
Steri-Oss TPS system includes both bone-level and tissue-level implants. These implants
can be non-threaded or threaded, and they come in various configurations, such as Hex-Loc
Cylindrical Non-threaded and Original Non-threaded. The TPS coating promotes bone
growth and integration with the implant, which is crucial for the long-term success of
dental implants. Steri-Oss was founded in 1985 and was shut down in 1997. However, the
company was acquired by Nobel Biocare in 1998, and the Steri-Oss TPS system continued to
be developed and marketed under Nobel Biocare’s brand [157]. The IMZ Original system
by Spotimplant is a standard dental implant designed for tissue-level placement [148].
The connection between the implant and the abutment is internal, and it has a non-anti-
rotational shape, which means the abutment fits inside the implant without any mechanism
to prevent rotation. The implant body is straight and does not have threads. It includes a
shock-absorbing intermobile element, which helps in distributing forces and reducing stress
on the bone. IMZ Original is a versatile and reliable option for dental implant procedures,
suitable for both partially and totally edentulous arches.
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Figure 4. (a) IMZ Original dental implant by Spotimplant [148]; (b,c) SEM image of a titanium
implant with a TPS surface after 9 years of implant production, with a typical structure resembling

molten metal splashes [149].

3.3. Sandblasted Surface

In a significant group of dental implants, a sandblasted surface is used to en-
hance osseointegration by increasing surface roughness, promoting better bone-to-
implant contact, improving mechanical stability, and reducing the risk of implant fail-
ure [28,53,54,74,90,129,134,158-169]. During the sandblasting process, the implant surface
is bombarded with abrasive particles, most often noble corundum with grain sizes from
25 to 250 um. It has been shown that the optimal surface roughness of Ra 1-3 pm, which
provides the best osseointegration effects, is obtained when sandblasting with Al,O3 parti-
cles with a size of 25-75 um [129,159]. The type and size of the abrasive are important, in
addition to the shape of its particles [160]. The highest BIC coefficient is obtained using
Al,O5 particles with a sharp shape. After the sandblasting process using noble corun-
dum, a small amount of residual Al;Os is observed on the titanium surface, which may
hinder bone healing. On the other hand, recent progress in dental implant research has
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shown that negative static charges are generated on the surface of titanium implants with
embedded Al,Oj3 particles, which support the osseointegration process as a result of the
selective activation of osteoblasts and the inhibition of fibroblasts [161]. However, the
static charges accumulated on the titanium surface during sandblasting disappear over
time. The challenge is to find ways to maintain the stability of these charges after quanti-
fying the desired level of negative charges needed to stimulate osteoblast activity in the
process of osseointegration around dental implants. Alumina does not dissolve in acidic
solutions, such as nitric acid baths used for passivation. However, blasting residues on the
surface can be mostly removed when using acids that dissolve titanium, like hydrofluoric
acid, after the sandblasting process. A blasting material made from phosphate ceramicis
is called Resorbable Blasting Medium (RBM) [162]. This means that any particles left
on the surface after blasting can be dissolved by acidic baths, making it easy to remove
the blasting residues. In the sandblasting process, TiO; is used with grain sizes from 10
to 125 um. Hydroxyapatite (HA), or other forms of calcium phosphate, e.g., tricalcium
phosphate (B-tricalcium phosphate) [162], is also used. The increase in the grain size of
the abrasive affects the increase in surface roughness. Sandblasted titanium implants are
characterized by an irregular, isotropic surface, the development of which is about 34%
greater in comparison with the machined surface [163]. The thickness of the TiO; layer on
the surface of sandblasted titanium implants is about 2-5 nm [161,164].

Figure 5a shows a sandblasted dental implant of the Prima Plus 4.1 (RD) model by
Lifecore Dental, which features a tapered implant body with threaded features, including
reverse buttress, V-shaped, and square threads [165].

Figure 5. (a) Sandblasted Prima Plus 4.1 dental implant by Lifecore Dental [165]; (b,c) SEM image of
a titanium implant with a sandblasted surface [134].

The Prima system is a versatile and flexible dental implant system that offers a range
of implant body shapes, thread types, and connection options. It includes both one-
piece and two-piece implants, making it suitable for various clinical applications. This
system’s compatibility with different prosthetic attachments further enhances its utility in
dental treatments.

Currently, titanium implants with a surface sandblasted with noble Al,O3 are manu-
factured by the Polish company Osteoplant Research and Development in the Standard
and Hex systems [166], using TiO, by Astra Tech Dental in the TiOblast system [167,168],
and using HA by Lifecore Dental in the Renova [169] and Prima [165] systems.

3.4. Hydroxyapatite Surface

With the development of implant prosthetics, titanium implants with an HA surface
covered with a 50 um thick HA layer and a roughness of Ra of about 8.2-10.2 um have
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appeared on the global market [53,54,74,90,134,162,170-181]. Anisotropic HA layers on the
surface of titanium implants bonding with living bone can be obtained by electrochemical
deposition, involving the deposition of HA through an electrochemical process [170,173];
the electrophoretic deposition method, using an electric field to deposit HA particles onto
the titanium surface [173,174]; the sol-gel method, where a gel-like precursor is formed
and then converted into a solid material [171,172]; pyroprocessing and hydroprocessing,
where hydroprocessing involves the deposition of HA on a titanium substrate using a
hydrothermal process [175]; and biomimetic deposition, which mimics the natural process
of bone formation to deposit HA on the titanium surface, enhancing biocompatibility and
osseointegration [176].

Titanium implants covered with an HA layer enable faster implant-bone tissue con-
nection compared to implants with a machined, sandblasted, or TPS surface; however, the
high temperature necessary to sinter the ceramic layer with the metal substrate causes
changes in the HA phase. These changes lead to the degradation of the HA layer in the
body and the reduced biocompatibility of implants [177]. Thermal treatment also causes
changes in the titanium structure and a decrease in the bond strength of the implant with
the HA layer. Currently, HA layers obtained in amorphous or crystalline form are sought,
which will not require sintering with the substrate and will reduce the risk of bone tissue
loss during osseointegration [28].

The dental implant type 3i T3 by BIOMET 3i shown in Figure 6a utilizes Discrete
Crystalline Deposition (DCD) technology, which is a sophisticated surface modification
technique that enhances the osseointegration of dental and medical implants by depositing
nanometer-sized HA crystals (Figure 6¢c) [162]. These features are intended to help retain
blood clots along the threaded part of the implant [178]. The discrete nature of the crystal
deposition allows for precise control over the surface topography, which can be tailored to
specific biomechanical requirements. The DCD process can be combined with other surface
modification techniques such as microblasting, acid etching, and anodization to further
enhance the implant’s performance.

(b)

Figure 6. (a) Dental implant type 3i T3 by BIOMET 3i [178]; (b,c) SEM image of a titanium implant
with HA surface [162].

Another example of titanium dental implants with an HA surface is the IMZ HA
system by Densply Friadent, which incorporates an intramobile element (IME) designed
to simulate the viscoelasticity of the periodontal ligament, thereby reducing stress on the
surrounding bone and improving the long-term outcome of the implant. This system
is known for its ability to mimic natural tooth movement and enhance the stability and
longevity of dental implants [179]. The Nobel Replace External Hex (Steri-Oss) is a standard
dental implant covered with an HA layer produced by Nobel Biocare, featuring a tissue-
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level implant with an external hexagon connection and a tapered body with buttress
threads [181].

3.5. Double-Etched Surface

The double-etched (DE) surface of titanium implants is obtained by two acid etch-
ing steps with a mixture of HCl + H,SO4 or HF + HNOj acids, and is characterized
by several key features that enhance their performance and integration with bone tis-
sue [90,134,182-191]. The DE process creates a micro-rough surface on the titanium im-
plant, which is crucial for improving osseointegration. The Ra of the DE surface is typically
in the range of 1-2 um, which has been shown to enhance bone-implant contact and
mechanical interlocking with the surrounding bone [182-185]. The micro-rough surface
generated by the DE process promotes better osseointegration by increasing surface rough-
ness, enhancing cell adhesion and proliferation, mimicking natural bone environments,
improving biocompatibility, and accelerating bone formation and healing [183-185]. The
DE process creates a micro-rough surface with a hierarchical micro- and submicron-scale
structure. This increased roughness provides a larger surface area for cell attachment and
proliferation, which is crucial for the initial stages of osseointegration. The micro-rough
surface has been shown to enhance the adhesion, proliferation, and differentiation of
osteoblasts (bone-forming cells). This is because the rough surface mimics the natural
extracellular matrix, providing a more favorable environment for cell attachment and
growth. The micro-rough surface can also simulate the natural bone environment, which
helps in guiding the formation of the bone matrix. This biomimetic property accelerates the
bone healing process and promotes a stronger bond between the implant and the bone. The
DE process not only increases surface roughness, but also modifies the surface chemistry
of the titanium implant. This can enhance the biocompatibility of the implant, reducing
the risk of adverse reactions and improving the overall integration with the bone. The
micro-rough surface facilitates quicker bone formation and healing by providing an optimal
environment for osteoblast activity. This results in a faster and more robust osseointegration
process, allowing for earlier loading and functional use of the implant [192]. Interestingly,
the BIC coefficient of the DE surface is higher both in comparison to less-rough machined
surfaces and rougher surfaces, such as TPS, HA, and sandblasted. This means that the
characteristic microstructure of the DE surface has the strongest osteoconductive properties
and influences the increased adhesion of bone-forming cells, protein adsorption, and the
stimulation of angiogenesis, facilitating the binding of fibrin clots [182].

However, the DE surface is obtained as a result of etching with a mixture of aggressive
acids, which can cause fluoride ions to remain in the resulting cavities. Fluoride ions are
retained on the surface of a dental implant through a combination of surface adsorption,
ion exchange reactions, chemical reactions with surface atoms, surface modifications, and
the formation of insoluble fluoride compounds. These processes are facilitated by the
chemical reactivity of the surface and the nature of the etching process. Acid etching can
modify the surface of the material, making it more reactive. This increased reactivity can
facilitate the retention of fluoride ions through enhanced chemical reactions. The etching
process can create a more porous surface with a higher surface area, which can trap fluoride
ions through physical adsorption and chemical bonding. The retention of fluoride ions
on the surface of titanium dental implants during a DE process is generally considered a
positive phenomenon due to the resulting enhanced surface properties, improved corrosion
resistance, promotion of osseointegration, antibacterial properties, and beneficial surface
modification. However, careful control of the process is necessary to avoid potential
negative effects associated with excessive fluoride, which can potentially lead to toxicity
issues [186].
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The DE surface treatment results in the improved mechanical stability of implants.
This is particularly beneficial in challenging clinical scenarios where the bone quality is
poor, as it helps in achieving better initial and secondary stability [183,185]. Some studies
have indicated that the DE surface can also exhibit antibacterial properties, which can help
in reducing the risk of infection around the implant. This is an additional benefit that
contributes to the overall success of the implant [186]. The DE process creates submicron
and nanometer-scale cavities on the surface. These cavities mimic the bone structure,
further enhancing the biological response and integration with the bone [184]. Implants
with a DE surface have shown excellent clinical success rates, with high survival rates and
minimal marginal bone loss over extended periods. This has been observed in long-term
clinical evaluations, demonstrating the effectiveness of the DE surface treatment [185].

Figure 7a shows the Osseotite dental implant system developed by Biomet 3i, part
of Zimmer Biomet, now belonging to ZimVie [187]. The Osseotite implant features a
DE surface that is designed to improve clot/implant attachment, potentially increasing
platelet activation and red blood cell adherence. The SEM image of this surface presented
in Figure 7b reveals its isotropic nature and the presence of numerous elevations and
depressions, which facilitate bone ingrowth [188]. Figure 7c shows an enhanced microscopy
image of the Osseotite surface with platelet activation [189].

Figure 7. (a) The Osseotite dental implant system from Biomet 3i [187]; (b) SEM image of the Osseotite
titanium implant with DE surface at 20,000 x magnification [188]; (c) enhanced microscopy image of
the Osseotite surface showing platelet activation [189].

The Osseotite implant is one of the most well-researched dental implants, with stud-
ies showing cumulative success rates of up to 98%. It has demonstrated effectiveness
in various clinical scenarios, including immediate loading, and human histologic data
confirm enhanced osteoconduction and contact osteogenesis, promoting bone healing and
integration. Suitable for single-tooth, multiple-tooth, and full-arch replacements, its design
ensures adequate primary stability and appropriate occlusal loading, which are essential
for successful integration [187-189].

Another example of a titanium dental implant with a DE surface is the Steri-Oss Etched
implant by Nobel Biocare [190,191]. The Steri-Oss Etched implant is suitable for various
dental applications, including single-tooth replacements, multiple-tooth replacements, and
full-arch restorations. During the healing phase, titanium healing abutments are used to
prevent soft tissue from closing over the implant and to record the height and position of
each healing abutment [191].
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3.6. Sandblasted and Etched Surface

The sandblasted, large-grit, acid-etched (SLA) surface is a type of surface treatment
commonly used in dental implants to enhance osseointegration [78,90,134,193-203]. SLA is
a registered trademark of the Straumann Institute, and the SLA surface was introduced
to the market by Straumann in 1997 [204]. The SLA process involves two main steps:
large-grit sandblasting followed by acid etching. This combination creates a surface with
both macro- and micro-roughness. The sandblasting step uses large particles to create a
macro-rough surface with large pores and sharp edges, which increases the surface area for
bone contact. In the sandblasting process of the SLA-type surface, typically Al,O3 (250-500
um) [194], TiO,, or HA are used as abrasives [193-197].

The acid etching step further refines the surface, creating micro-pits and a micro-
rough texture that enhances the surface’s ability to retain bone cells and promote bone
growth. The resulting surface topography includes large dips, sharp edges, and small
micro-pits. This complex structure provides an ideal environment for bone cells to adhere
and proliferate [193]. The Ra values typically range around 1.5 um, which indicates
a higher roughness than machined and DE surfaces, and has been shown to improve
osseointegration [78,193]. The SLA surface has a thicker oxide layer than machined and DE
surfaces, consisting mainly of TiO,, TiO, and TipO3 [193]. The developed and differentiated
SLA surface has increased protein adsorption, and the BIC coefficient increases compared
to the machined surface [159]. The process significantly improves the implant’s surface
hydrophilicity, which is crucial for bone cell adhesion and growth. SLA surfaces have been
widely used and studied in clinical settings, demonstrating improved implant stability and
reduced early failure rates compared to smoother surfaces [198]. The surface characteristics
allow for the early loading of implants, which can reduce overall treatment time and
improve patient outcomes.

Figure 8a shows a dental implant of the Standard Implants type by the Straumann
Institute. This is a type of dental implant with an SLA surface designed for tissue-level
placement [198].

2pm

(b)

Figure 8. (a) Dental implant of the Standard Implants type with SLA surface by Straumann Insti-
tute [198]; (b,c) SEM image of a titanium implant with SLA surface [134].

Straumann Standard implants are particularly recommended for use in patients whose
prosthetic solution will be based on a retention system, such as a bar, ball locks, or clasps.
In such a situation, the aesthetics of the soft tissue around the implant are not crucial,
and the high neck makes it easier for the patient to maintain hygiene around the implant.
The implant collar has an optimized conical shape that allows for the use of a one-step
clinical protocol. The implant is placed intragingivally and closed with a healing screw
immediately after implantation, which allows avoiding the procedure of re-exposing the
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implant. The optimal thread shape ensures optimal primary and secondary stability [198].
The SLA surface of dental implants is isotropic and has a characteristic micro-topography,
with wide craters of 20-40 pm in diameter (Figure 8b,c [134]). The craters created in the
sandblasting process contain microcavities of 0.5-3 pum in diameter and nanofeatures that
are formed as a result of etching [78,134]. The Al,O5 sandblasting process and etching with
a HCI + H,SO4 mixture are used in the production of Standard Implants, Standard Plus
Implants, and Tapered Effect Implants by the Straumann Institute [134,198,200], as well as
SPI [201] and DFI [202] systems by Alpha Bio.

3.7. Hydrophilic Surface

The hydrophilic surface (SLActive) is obtained in the same way as the SLA surface, but
after the etching process, the implants are dried in a nitrogen atmosphere and then kept in
a physiological saline solution to protect from hydrocarbon adsorption [78,90,134,205-211].
The surface hydrophilicity of SLActive is primarily due to its unique surface treatment
process. This process preserves the high surface energy and chemical purity of the implant,
resulting in superhydrophilic properties. The hydrophilic nature allows for the rapid
attachment of blood and proteins, which accelerates the osseointegration process and
reduces the healing time to 3—4 weeks [212]. A clinical study comparing conventional SLA
and SLActive implants found that there is generally no significant difference in clinical
outcomes between the two types of implants. The cumulative survival rate was 99.4%
overall, with 99.1% for SLA implants and 100% for SLActive implants. Additionally, the
mean marginal bone resorption for all implants was similar, indicating comparable clinical
performance between the two types of implants [213]. In the case of the SLA surface, the
water contact angle is 139.90°, which indicates its ultrahydrophobic properties and lack
of bioadhesion (Figure 9a) [207]. The reflections visible under a drop of water on the SLA
surface result from the presence of air bubbles trapped between the water and the implant
surface. The initial water wetting angle for the SLActive surface is 0°, which indicates
its superhydrophilic properties and very strong bioadhesion (Figure 9b) [207]. After
immersing SLA and SLActive dental implants in water, a meniscus is visible at the water—
air-implant interface only in the case of the SLActive surface, due to its superhydrophilicity
(Figure 9b) [207].

In the osseointegration process, two key factors are crucial for the success of dental
implants: primary stability and secondary stability (Figure 9c) [207]. Primary stability refers
to the mechanical stability of the implant immediately after placement. It is influenced
by the quality of the bone where the implant is inserted and is determined by the specific
design features of the implant system, such as thread pitch, the precision of the implant’s
dimensions, and accurate sizing, ensuring a snug fit in the bony socket’s corresponding
drills. Secondary stability relates to the biological healing process that occurs after the
implant is placed. Unlike primary stability, secondary stability is not directly controlled
by the clinician. It develops over time as the bone integrates with the implant, which
is influenced by various factors, the most critical being the speed of osseointegration.
The surface texture and composition of the implant can significantly enhance the rate
at which this integration occurs. The combination of primary and secondary stability
is known as total stability. It is important to note that a delay in the healing process
can lead to a notable decrease in total stability, particularly between weeks 2 and 4 post-
implantation. This period, often referred to as the “stability dip,” is critical for the success
of the osseointegration process, as compromised stability during this time can affect the
long-term success of the implant. Increasing the hydrophilicity of the SLActive surface and
maintaining high surface energy until the moment of implantation affects the stability of the
implant after implantation (Figure 9d) [207]. The SLActive implant surface is chemically
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active and reaches maximum secondary stabilization twice as fast as the implant with
the SLA surface, which minimizes the risk of implant loss or loosening. The increase in
secondary stabilization is due to the fact that in the early stages of bone tissue regeneration,
the adsorption of proteins on the SLActive surface subjected to constant moistening is
facilitated, which accelerates the process of new bone formation and makes it possible
to place a prosthetic reconstruction even on the day of implantation. In the case of other
types of surfaces, the placement of the proper crown usually takes place about eight weeks
after the procedure, when about 75% of implant anchorage is achieved [207,208]. The
non-activated SLA surface is less stable, which makes it susceptible to strong mechanical
stress and post-implantation complications, or loosening of the implant during mechanical
loading. The chemical composition of the SLActive surface shows more than twice the
carbon content of the SLA surface [208]. An increased BIC coefficient has also been shown
for the SLActive surface [207,208]. Considering the fact that the SLActive and SLA surfaces
do not differ in terms of roughness, the acceleration of osseointegration in the case of the
SLActive surface is due to its increased hydrophilicity.
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Figure 9. (a) Demonstration of the ultrahydrophobic properties of SLA surface and the superhy-
drophilic properties of SLActive surface. (b) Immersion of dental implants with SLA and SLActive
surfaces in water. (c) Implant stability after implantation, with reduction in stability combined with
gradual increase in secondary stability leading to a decline in overall stability (stability dip) during
the period between weeks 2 and 4. (d) Acceleration of osseointegration between weeks 2 and 4 as a
result of using an implant with SLActive surface [207].

It should be stressed that the wettability of dental implant surfaces is a critical factor
that influences their interaction with water or body fluids. This property is not constant
and is primarily determined by the surface chemistry of the dental implants, which are
most often made of titanium. Titanium and its self-passive oxide layer are high-energy
surfaces, inherently making them hydrophilic, similar to sandblasted or acid-etched sur-
faces. However, the absorption of hydrocarbons from the atmosphere can alter the surface
properties, causing them to transition from hydrophilic to hydrophobic. This change in
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surface wettability can significantly impact the osseointegration process. Hydrophilic sur-
faces tend to adsorb plasma proteins more rapidly, which promotes clot formation, initiates
healing, and supports bone regeneration. Consequently, it is suggested that dental implants
be stored under controlled conditions, such as in oxygen-free atmospheres or liquids, to
mitigate the biological aging process and maintain their desired surface properties. The
wettability of dental implant surfaces is crucial for their performance and integration with
the bone. Ensuring that these surfaces remain hydrophilic through proper storage and
handling can enhance the overall success of dental implants [207,208].

Dental implant systems with SLActive surfaces, such as Bone Level Implants with
extensive healing potential, Standard Implants, Standard Plus Implants and Tapered Effect
Implants with SLActive surfaces, were introduced to the dental market by the Straumann
Institute [207-211]. In the SEM image of the Roxolid® SLActive® surface shown in Fig-
ure 10c, clearly shaped nanostructures can be observed, which are not present in the
Roxolid® SLA® surface topography visible in Figure 10b [210]. Recent in vitro studies have
demonstrated that the enhanced formation of fibrin networks on the Roxolid® SLActive®
surface with nanostructures is significant [211]. SEM imaging reveals that after just 15
min of contact with human whole blood, these nanostructures contribute to improved
fibrin network development (Figure 10e) [211]. Interestingly, while hydrophilicity has
been recognized for its role in promoting osseointegration, it does not fully account for the
accelerated integration observed with Roxolid® SLActive® surfaces.

Figure 10. (a) Dental implant with Straumann® SLActive® surface (Basel, Switzerland) [209]; (b) SEM
image of Roxolid® SLA® surface [210]; (¢) SEM image of Roxolid® SLActive® surface [210]; (d) SEM
image of Roxolid® SLActive® surface without nanostructures [211]; (¢) SEM image of Roxolid®
SLActive® surface with nanostructures [211].

The latest findings indicate that the presence of nanostructures on the Roxolid®
SLActive® surface not only enhances fibrin network formation, but also supports the
mineralization process of bone cells. This results in more effective early-stage osseointegra-
tion compared to the Roxolid® SLActive® surfaces lacking these nanostructures.
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3.8. Oxidized Surface

Oxidized (anodized) surfaces are obtained via an electrochemical oxidation process
carried out at a constant current density or voltage in the range of 1-300 V in electrolyte
solutions, most often based on H,SO4 and H3PO,4, with the addition of HE, which increases
the current density [21-23,78,90,134,214-226]. The oxidized surface was introduced to
the dental market in 2001 as TiUnite [215]. Depending on the electrochemical oxidation
parameters, a continuous oxide layer [216], a porous oxide layer [217], or a layer of oxide
nanotubes [21-23,218] of different thickness, structure, and surface morphology can be
produced on the anode surface. The anodizing process is carried out in the optimal
temperature range of 18-38 °C [219]. With the increase in the electrolyte temperature,
the oxide layer thickens, which increases the resistance of titanium implants to wear and
corrosion and accelerates osseointegration in the initial period after implantation [218]. The
oxidized surface is rough, with an Ra value above 2 pm, and the thickness of the oxide
layer ranges from 1-2 to 7-10 pum [128,220].

The TiUnite Dental Implant by Nobel Biocare is a highly advanced dental implant
system with an anodized surface, known for its superior performance and clinical success
(Figure 11a) [220]. The characteristic feature of the oxidized surface is isotropy and flowery
morphology, with pores of dimensions ranging from 1 to 10 pm, along with smaller pores
that have diameters less than 1 micrometer (Figure 11b) [134]. This results in shorter healing
times and improved stability [222]. Such a microscopically porous surface enhances bone
cell attachment and integration [223,224]. Hemostasis by the newly formed fibrin matrix
on the TiUnite surface is shown in Figure 11c [224]. This fibrin matrix plays a crucial role in
blood clot formation and subsequent hemostasis. The anodized surface of titanium, which
has these specific pore dimensions, significantly enhances thrombogenicity and blood clot
formation. The well-structured and spread transitory matrix formed by the fibrin clot
facilitates the colonization of osteoprogenitor cells, thereby promoting osseointegration
and overall hemostatic efficiency [223,224].

Figure 11. (a) TiUnite® Dental Implant by Nobel Biocare [220]; (b) SEM image of the anodized
TiUnite® implant with a porous surface [134]; (c) hemostasis by the newly formed fibrin matrix on
the TiUnite surface [224].

The results of clinical studies indicate a higher degree of osseointegration of im-
plants with an oxidized surface than titanium implants with a machined or TPS sur-
face [134,220,222,224,225]. However, surface treatment via anodizing may cause titanium
brittleness. The TiUnite implant has demonstrated a high success rate, with a whole-patient
group success rate of 98.2%, including a 100% success rate for implants with an oxidized
surface [223,226]. Studies have shown that TiUnite implants have a remarkably low early
failure rate and support long-term clinical survival. Early implant- and patient-level sur-
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vival rates exceed 99% at one year, and the late implant-level survival rate is estimated at
95.1% after 10 years [223]. The TiUnite surface has been proven to support peri-implant
health and bone maintenance, with low rates of peri-implantitis and successful soft tis-
sue outcomes [220,223]. This surface is used in various Nobel Biocare implant systems,
including the NobelActive and Branemark System Mk III, making it suitable for different
bone types and clinical scenarios [226]. It allows for immediate function of the implant,
meaning patients can start using their new teeth soon after the procedure, which is benefi-
cial for both patient comfort and clinical efficiency [220,223]. The TiUnite surface has been
extensively researched, with over 465 publications featuring more than 89,500 implants
and 22,600 patients, providing a robust body of evidence supporting its efficacy [223].

The latest development in anodizing technology is plasma electrolytic oxidation
(PEO), also known as micro arc oxidation (MAOQO), which is an electrochemical surface
treatment process that allows for the production of porous and hard oxide layers on
titanium [227-230]. The PEO method involves high-voltage electrochemical oxidation at
voltages of several hundred V, during which plasma microdischarges are generated at
the titanium-electrolyte interface in the form of sparks, causing structural changes to the
anode surface. Oxide layers obtained by the PEO method are about 1.3 pm thick, and
their surface contains pores with a diameter of over 1.3 um, which indicates a roughness
similar to that of a machined surface [230]. Titanium implants with the TiUnite surface—
Replace, Perfect, and Direct, manufactured by Nobel Biocare (Kloten, Switzerland)—are
available on the dental market [220,225,226]. Oxide layers formed on the anode surface in
the PEO process can be additionally enriched with Mg, Ca, S, and P ions, which provides
a mechanical and biochemical connection between the implant surface and the bone
tissue [231]. An example of a surface with the addition of Ca and P ions is the Biomimetic
Advanced Surface developed by Avinent (Barcelona, Spain) for the Coral and Ocean dental
systems [232]. These systems are characterized by optimal micro-porosity and macro-
roughness, which provide high primary stabilization, and the hydrophilic properties of
their surface support the osseointegration process by facilitating the migration of bone-
forming and osteogenic cells.

3.9. Biologically Active Surface

The continuous development of technology has led to the creation of titanium
implants with a biologically active surface, which are still in the experimental
phase [36,42-45,47,48,78,90,139,150,171,193,215,217,233-244]. Biologically active surfaces
on dental implants refer to surfaces that have been modified or coated with bioactive
materials to enhance their interaction with biological tissues, particularly bone. These
surfaces are designed to improve the implant’s integration with the surrounding bone,
enhance its mechanical properties, and provide additional functionalities such as antibac-
terial properties and improved tissue healing. The biologically active surface of titanium
implants is achieved through various surface modification techniques that enhance their
interaction with bone tissue, improving osseointegration and overall implant performance.
Open-pored coatings are designed to improve bone ingrowth and enhance the mechanical
strength of the bone-implant interface. The open-pored structure allows for better inte-
gration with the surrounding bone tissue [90,150,171,217]. Multilevel micro-pit structures
are created through a series of surface treatments, including sandblasting, acid etching,
and glow discharge. This process forms a hierarchical microstructure that enhances the
biocompatibility and osseointegration of the titanium implant [90,215]. Micro-nano com-
posite structures are created using laser processing and multiple acid etching steps, which
improve cell behavior and bone integration [36,42-45,47,48,193]. The biological modifi-
cation of titanium implants based on the loading of specific bioactive substances, such
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as growth factors, peptides, proteins, and drugs, has been proposed [233-235,237-243].
These substances directly interact with bone cells and the surrounding tissues, promoting
cell proliferation, differentiation, and mineralization. Methods of biological modification
include physical adsorption, nanotechnology, chemical bonding, self-assembly, and nucleic
acid-related technologies. These methods ensure the stability of the surface morphology
and create a drug delivery system that releases bioactive substances over time [233-235]. To
address the issue of bacterial adhesion and postoperative infections, antibacterial coatings
are applied to titanium implants. These coatings can release antibiotics or other antibac-
terial agents, reducing the risk of infection and promoting bone healing [78,153,241-243].
Osteoconductive coatings are designed to enhance bone growth and integration. They
often include materials like hydroxyapatite and bioactive glass, which are known for their
osteoconductive properties [28,41,44,170-177,218,245]. Advanced surface treatment as
anodization forms a TiO, nanotube layer on the titanium surface, which improves biocom-
patibility and antibacterial properties. The TiO, nanotubes enhance osseointegration and
reduce the risk of infection [21-23,218]. Additive manufacturing technique allows for the
creation of complex surface structures with controlled porosity, which can be tailored to
enhance bone integration and mechanical properties [112].

Research is also being conducted on fluoride-enriched surfaces [134,139,244]. An
example is the nanotextured surface of the OsseoSpeed implant by Astra Tech, which,
thanks to the presence of incorporated fluoride ions, stimulates the bone formation pro-
cess and accelerates osseointegration, ensuring stable implant placement in the jaw bone
(Figure 12a) [244]. The OsseoSpeed dental implant is a high-performance dental implant
designed for immediate loading and enhanced osseointegration. The implant features a
microthreaded neck that increases the surface area for bone contact, thereby enhancing
stability and osseointegration. The implant surface is treated with a unique surface tech-
nology that promotes rapid bone growth and integration. This technology is designed to
improve the initial stability and long-term success of the implant. The SEM image shown
in Figure 12b,c depicts a titanium dental implant that has a surface enriched with fluo-
ride [134]. This unique surface treatment accelerates the osseointegration process, leading
to faster healing and a quicker return to normal oral function. The OsseoSpeed dental
implant offers a combination of advanced surface technology, immediate loading capability,
and versatile design, making it a reliable choice for dental implant procedures.

Figure 12. (a) OsseoSpeed dental implant by Astra Tech [244]; (b,c) SEM image of a titanium implant
with fluoride-enriched surface [134].

The use of metal-organic frameworks (MOFs) in dental implant surface modification
is anovel approach. MOFs can be used to create bioactive surfaces that improve the stability
and biocompatibility of the implants, as well as provide additional functionalities [246-249].
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MOFs can be used to modify the surface of titanium implants to improve osseointegration.
This is achieved by creating a more bioactive surface that promotes bone cell adhesion
and proliferation. For example, the use of UiO-66/ AgNPs nanocomposite coatings has
shown promise in enhancing osseointegration and preventing bacterial colonization, which
is crucial for the long-term success of dental implants [246,247]. MOFs can incorporate
antibacterial agents, such as silver nanoparticles (AgNPs), to create surfaces that resist
bacterial colonization. This is particularly important in preventing peri-implantitis, a
common complication in dental implantology. The UiO-66/AgNP nanocomposite, for
instance, has been shown to have effective antibacterial properties [246]. Certain MOFs,
like Bio-MOF-1, are designed with bio-derived constituents that are inherently biofriendly.
These materials can enhance the bioactivity of the implant surface, promoting bone re-
generation and integration with the surrounding tissue [248]. MOFs can be engineered to
act as drug delivery systems, releasing bioactive molecules or antibiotics in a controlled
manner. This can help in managing post-surgical infections and promoting healing. The
use of MOFs as a confinement matrix for drug delivery systems is an emerging area of
research in dental implantology [246,247]. MOFs can be used to create complex surface
topographies and roughness at the micro- and nano-scale. This enhances the mechanical
interlocking of the implant with the bone, further improving osseointegration. Techniques
such as anodization and laser surface treatment can be combined with MOF coatings
to achieve these effects [247,249]. MOFs can be tailored to improve the biocompatibility
and osteoconductivity of the implant surface. This is achieved by incorporating bioactive
materials like hydroxyapatite or other bone-like minerals into the MOF structure, which
can mimic the natural bone environment and promote bone growth [247,248]. The field of
dental implant surface modification is dynamic and continuously evolving. Advances in
bioactive coatings, laser treatments, nanoengineering, and the use of MOFs are contributing
to the development of more effective and durable dental implants. These innovations are
expected to significantly improve patient outcomes and the overall success rates of dental
implant procedures.

The addition of bioactive molecules to the surface of titanium implants induces a
response from living tissue [250]. It has been shown that the biological surface supports
cell adhesion to the implant surface by absorbing blood and circulating bone tissue [31].
The bioactive surface of titanium dental implants can promote bone formation around
the implant, which will result in increased osseointegration in the early stages of healing.
However, long-term clinical studies are required due to the fact that the results of in vivo
animal studies do not fully reflect the clinical reality of the human body [28].

3.10. Hybrid Surface

Current trends in the development of dental implants with hybrid surfaces concern
the search for new ways of modifying the surface of titanium implants, which will affect
the acceleration of the osseointegration process and will enable the immediate functional
loading of implants [27,31,48,52-63,78-85,162,173,194,208,224,237,238]. Considering the
fact that too high roughness of the implant surface can cause effects opposite to those
intended, surfaces with optimal micro-roughness and appropriate topography, structure,
chemical composition, surface charge, wettability, and bioactivity are being developed,
which will stimulate bone tissue to grow. The type of titanium implant surface is one of the
key factors ensuring the success of the implantation procedure.

A hybrid surface on titanium dental implants refers to a combination of different
surface treatments or coatings that aim to enhance various properties of the implant, such
as osseointegration, biocompatibility, and resistance to biofilm formation [251-258]. Hy-
brid surfaces often combine micro- and nano-scale features. For example, a controllable
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hybrid micro—nano titanium model surface has been developed and contrasted with com-
mercially available nano-featured surfaces, showcasing improved properties for dental
implants [92,251]. Hybrid coatings on titanium implants can include antibacterial agents,
which help in reducing the risk of infection. These coatings also promote soft tissue at-
tachment through fibroblasts, enhancing the overall integration of the implant with the
surrounding tissues [251]. Some hybrid coatings are designed to improve the aesthetic
properties and wear resistance of the implant, combining the benefits of titanium and
zirconia [251]. The hybrid surface design can influence biofilm formation on dental im-
plants. Studies have evaluated the biofilm formation on hybrid titanium implants with
moderately rough and turned surfaces, indicating that the hybrid surface can affect the
colonization of bacteria [252]. Implants with hybrid surfaces have been evaluated for
their radiological, clinical, and microbiological outcomes, particularly in patients with a
history of periodontitis. These studies aim to assess the long-term success and stability of
hybrid surface implants [253]. Various surface modification techniques are used to create
hybrid surfaces, including chemical treatments, laser irradiation, and plasma spraying.
These methods can alter the surface micro/nano-topography and composition, improving
hydrophilicity, mechanical properties, and osseointegration [42,254-258].

The prototype for a hybrid implant with a micro-rough implant surface in the
endosseous portion to promote faster and better osseointegration of the implant during
healing and during function, and a smooth, machined surface in the neck/collar region
for the transcrestal area with contact to the peri-implant sulcus was developed by Dennis
Tarnow in 1993 [258]. His Hybrid Design (HD) is a significant advancement in dental
implant technology, focusing on improving aesthetic outcomes and bone integration
through the use of different surface textures and materials. HD has been implemented
in modern IMAX NHSI hybrid dental implants, which were introduced to the medical
market as standard bone-level implants by iRES, founded in Switzerland in 2014 [256],
as shown in Figure 13a. The iRES implants are additionally covered with a double layer
of hyaluronic acid, which is covalently bonded to the titanium surface and ensures
increased hydrophilicity and the absorption of growth factors in the healing phase, as
well as their better utilization by extracellular matrix proteins. The bioactive hyaluronic
coating also results in a more intensive recruitment, proliferation, and differentiation
of osteoblasts, and the long-term provision of the implant-bone connection. The most
promising hybrid dental implants are those with machined surfaces where the arithmetic
mean deviation of the surface unevenness height from the reference plane (Sa) of 0.5 um
occurs in the coronal part of the implant on 40% of its length, while the rough surface is
Sa = 1.9 um and occupies the remaining 60% (Figure 13a) [256]. The machined surface
does not support the growth of bacteria; therefore, its task is to protect the implant
from inflammation, resulting from the formation of an aggressive biofilm around the
exposed implant neck and from bone tissue loss around the implant (peri-implantitis)
(Figure 13b) [257]. The implant surface is most often exposed as a result of non-bacterial
disturbance of the biological balance of tissues around the implant. Bacteria attach
secondarily when the implant surface is exposed, and this favors their settlement and
multiplication. On rough surfaces, bacteria form a bacterial plaque and penetrate deeper
into the implant more easily.

Figure 13c presents a sequence of Wilhelmy plate measurements for such a hybrid
implant covered with a bioactive hyaluronic acid nanolayer over a 1.5 s interval, with each
frame taken every 0.5 s [257]. The implant, connected to a microbalance, was suspended
above a beaker rising with ultrapure water. Initially, at t = 0, the implant was dry, show-
casing its lower matte micro-rough texture and upper shiny machined finish. Once the
apex of the implant contacted the water, capillary action rapidly occurred through the
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threaded connector, influenced by the implant’s surface chemistry and roughness. After
0.5 s, water rose approximately halfway up the 10.5 mm micro-rough area; by 1 s, the
micro-rough section was fully wetted, and at 1.5 s, the capillary rise was advancing toward
the implant platform, 16 mm from the water surface. Despite being stored for a year, the
implant demonstrated full wettability.

(a)

Figure 13. (a) IMAX NHSI hybrid dental implant by iRES covered with a bioactive hyaluronic acid
nanolayer [256]; (b) the hybrid dental implant features a section labeled M that has been machined,
while the section labeled A has undergone a sandblasting process followed by a double acid etching
treatment [257]; (c) the timeframe image of the Wilhelmy plate experiment [257].

The results of the long-term wettability tests conducted on clinically available
hyaluronan-coated titanium implants, which were packaged and sterile, or in their “on
the shelf” condition, after one year from production, demonstrate that nanoengineering
the implant surface by attaching the hydrophilic hyaluronic acid molecule provides these
titanium implants with permanent wettability. This eliminates the need for wet storage,
which is currently used to maintain long-term hydrophilic implant surfaces.

Figure 14 presents SEM images of the hybrid implant surface covered with a bioac-
tive hyaluronic acid nanolayer at magnifications of 20,000 x and 50,000, showing both
machined (a,b) and micro-rough (c,d) sections [257]. The SEM images are primarily
characterized by the distinct features of each microarchitecture: the machined section
(a,b) exhibits parallel grooves, indicative of machining tools, and the micro-rough section
(c,d) shows sharp, closely packed peaks, resulting from double acid etching. At this
level of magnification, the macro-roughness typical of sandblasted—acid-etched surfaces,
caused by blasting, is not visible because the field of view is too small. Consequently,
these images do not provide much information about the overlying hyaluronic acid
layer, including its presence or homogeneity. Increasing the magnification further would
not yield more information, as image contrast cannot offer vertical resolution at the
nanometer scale. From an analytical perspective, the introduction of nanoengineered
implant surfaces into routine clinical practice necessitates the advancement of analytical
methods to the nano-scale.

In the case of developed surfaces, the time of osseointegration is shortened and a
balance between the coexisting phenomena of osteogenesis and osteolysis is more easily
achieved [78]. Therefore, the challenge is to design implants that are not only mechanically
durable and strongly bound to the body, but that also exhibit antibacterial resistance [92].
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Figure 14. SEM image of the hybrid dental implant covered with a bioactive hyaluronic acid
nanolayer: (a) machined surface in the section labeled M at 20,000 x magnification; (b) machined
surface in the section labeled M at 50,000 x magnification; (c) sandblasted, double acid-etched surface
in the section labeled A at 20,000 x magnification; (d) sandblasted, double acid-etched surface in the
section labeled A at 50,000 x magnification [257].

3.11. Laser-Structured Surface

The laser-structured surface of dental implants is characterized by precise and con-
trolled surface textures, increased roughness, enhanced osseointegration, improved bacte-
rial resistance, material versatility, and high reproducibility [36,42-45,48,193]. Laser surface
modifications can create a contamination-free titanium implant with a thick oxide layer,
which promotes better osseointegration compared to conventional methods. This means
the implant integrates more effectively with the surrounding bone tissue, leading to the
improved stability and longevity of the implant [42,259]. Lasers can create precise and
controlled surface textures on dental implants. This is achieved using different types of
laser pulses, such as femtosecond, picosecond, and nanosecond pulses, which allow for
the creation of micro- and nano-topographies on the implant surface. These textures can
mimic the natural bone structure, enhancing the biological response and integration with
the bone [260]. The micro- or nano-topography created by laser texturing can provide
antimicrobial properties, which help in reducing the risk of infection around the implant.
This is particularly important for preventing peri-implantitis, a common complication in
dental implantology [47,261].

The controlled surface modifications can also enhance the mechanical properties of the
implant, making it more durable and resistant to wear and tear [43]. Several in vivo studies
have demonstrated the effectiveness of laser-structured surfaces in improving the biointe-
gration of dental implants. These studies have shown that implants with laser-structured
surfaces exhibit better osseointegration and reduced inflammation compared to those
with traditionally treated surfaces [262]. Laser technology allows for the customization
of implant surfaces, which can be tailored to meet specific clinical needs. This includes
the ability to create surfaces that are more conducive to bone growth and integration, as
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well as surfaces that can be used for specific types of dental implants, such as ceramic
implants [263].

Over the past few decades, the application of laser technology in dental implantol-
ogy has evolved significantly. Techniques such as laser etching (Laser-Lok) have been
developed and proven effective in creating a biological seal around the implant, enhancing
its stability and longevity [264]. The origins of laser etching can be traced back to the
invention of the laser in the early 1960s. The first laser engraver was used in 1978, and since
then, the technology has evolved to become a widely used marking method in various
industries [265]. Laser-Lok is a proprietary dental implant surface treatment developed by
BioHorizons (Birmingham, AL, USA) [266,267].

Figure 15a shows the Tapered Internal Plus (4.5) dental implant by BioHorizons, which
is a high-quality implant that offers several advantages, including predictable results,
enhanced bone maintenance, improved soft tissue health, and ease of use [266]. Its design
features include a 45° conical internal hex connection, color-coded platform, anatomically
tapered body, and aggressive buttress threads.
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Figure 15. (a) Tapered Internal Plus (4.5) dental implant with Laser-Lok surface technology by
BioHorizons [266]; (b) the Laser-Lok surface at 800x magnification with uniformly shaped mi-
crochannels designed to facilitate and enhance tissue growth [267]; (c) a colorized SEM image of
a dental implant showing connective tissue that is physically attached and interwoven with the
Laser-Lok surface [267].

The Laser-Lok surface of this dental implant is characterized by uniformly shaped
microchannels designed to facilitate and enhance tissue growth (Figure 15b) [267]. A
colorized SEM image reveals that the unique Laser-Lok surface has demonstrated its ability
to trigger a biological reaction that prevents the downward growth of epithelial tissue
and promotes the bonding of connective tissue. This connection creates a biological seal
around the implant, which helps safeguard and preserve the health of the crestal bone
(Figure 15¢) [267].

BioHorizons Laser-Lok technology is a sophisticated surface treatment for dental
implants and abutments that enhances the biological integration and mechanical stability
of dental implants and abutments, leading to improved clinical outcomes. It consists of
precision-engineered, cell-sized microchannels that are laser-machined onto the surface of
dental implants and abutments. This technology is designed to enhance osseointegration
and promote bone growth around the implant. The microchannels are created using a
patented laser ablation process [267].
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4. Future Directions

The future of dental implant surface modification is promising, with ongoing research
and development aimed at improving the success rates, longevity, and patient satisfac-
tion of dental implant procedures. Advances in materials science, nanotechnology, and
bioengineering are driving innovations in implant surface modification.

Nanotechnology has already made significant inroads into dental implant surface
modification, with nanostructured surfaces shown to enhance cell adhesion, proliferation,
and differentiation. These surfaces can mimic the natural environment of bone, promoting
better osseointegration. Researchers are exploring more sophisticated nanostructures, such
as nanotubes and nanofibers, which can further optimize the surface properties of implants.
These structures can be designed to incorporate bioactive molecules or drugs for controlled
release, enhancing osseointegration and reducing the risk of infection.

Three-dimensional printing technology is being used to create customized dental im-
plants with complex, porous structures that promote bone ingrowth. These implants can be
designed to match the specific anatomy of the patient, improving fit and osseointegration.
Advances in 3D printing materials and techniques will allow for even more precise and
personalized implant designs. Researchers are also exploring the integration of nanostruc-
tured surfaces and bioactive coatings into 3D-printed implants, creating multifunctional
surfaces that optimize osseointegration, mechanical stability, and antibacterial properties.

Bioactive coatings, such as hydroxyapatite and calcium phosphate, are used to enhance
the biological response to dental implants. These coatings promote the formation of a
calcium phosphate layer on the implant surface, mimicking the natural bone mineral.
Researchers are developing more advanced biomimetic coatings that not only promote
bone growth, but also mimic the complex structure and composition of natural bone.
These coatings can incorporate growth factors, peptides, and other bioactive molecules to
stimulate bone formation and reduce healing time.

Smart surfaces that can respond to changes in the local environment are being de-
veloped for dental implants. These surfaces can release drugs or bioactive molecules
in a controlled manner, targeting specific stages of the healing process or responding to
infections. The integration of smart surfaces with advanced drug delivery systems will
enable more precise and effective treatment strategies. For example, surfaces that can sense
bacterial infections and release antibiotics locally can reduce the risk of implant failure due
to infection.

Laser and plasma surface modification techniques are used to create micro- and
nano-scale patterns on implant surfaces, enhancing cell attachment and bone integration.
Advances in laser and plasma technologies will allow for even more precise and controlled
surface modifications. Researchers are exploring the creation of hierarchical structures
that combine micro- and nano-scale features to optimize both mechanical interlocking and
biological responses.

Infection is a major complication of dental implant surgery. Surface modifications
that reduce bacterial adhesion and growth are being developed to minimize this risk.
Researchers are exploring new materials and coatings with inherent antibacterial properties,
as well as surfaces that can release antibacterial agents in a controlled manner. These
surfaces can help prevent biofilm formation and reduce the risk of peri-implantitis.

Advanced imaging techniques, such as computed tomography (CT) and cone beam
computed tomography (CBCT), are used to plan dental implant procedures. The integration
of advanced imaging with dental implant surface modification will enable more precise
and personalized treatment planning. For example, imaging data can be used to design
customized implant surfaces that optimize fit and osseointegration based on the patient’s
specific anatomy and bone quality.
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The future of dental implant surface modification is bright, with ongoing research
and development focused on creating smarter, more biocompatible, and personalized
implant surfaces. These innovations will not only improve the success rates of dental
implant procedures, but also enhance patient comfort and reduce healing times. As these
technologies advance, the field of dental implantology will continue to evolve, providing
better solutions for tooth replacement and restoration. While many surface modification
techniques have shown promise, they often come with high costs or inconsistent results,
limiting their widespread clinical application. Ongoing research aims to develop more
cost-effective and reliable methods. Future advancements will likely focus on integrating
multiple functions into a single surface treatment, such as combining antibacterial and
osteoconductive properties to enhance overall implant performance.

5. Conclusions

The future of dental implant surface modification is promising, with ongoing research
focused on enhancing success rates, longevity, and patient satisfaction. Advances in
materials science and bioengineering are driving innovations that improve osseointegration
and reduce the risk of complications such as peri-implantitis. Techniques like laser surface
modification and the incorporation of bioactive molecules are expected to play a crucial
role in developing implants that not only integrate better with bone, but also resist bacterial
colonization. As these technologies evolve, they will likely lead to more reliable and
effective dental implant solutions, ultimately improving patient outcomes and satisfaction.

The development of dental implant surface modification techniques has significantly
advanced the field of dental implantology. By optimizing the surface properties of implants,
clinicians can achieve better osseointegration, improved mechanical stability, and a reduced
risk of complications. Ongoing research continues to explore new materials and techniques
to further enhance the performance and success of dental implants.

The latest surface modification techniques for dental implants improve patient out-
comes by enhancing osseointegration, biocompatibility, and antibacterial properties, while
also incorporating drug delivery systems and improving mechanical and durability char-
acteristics. These advancements collectively contribute to higher success rates, reduced
infection risks, and the better long-term stability of dental implants.

The most important factor for the success of the osseointegration process is the com-
position and type of the surface layer of the implants. The surfaces of titanium implants,
which affect the biomechanical potential of the implant-bone tissue contact and the rate of
protein adsorption, have been modified over the years through various methods. These
modifications include physical, chemical, and biological approaches to enhance the surface
properties of the implants.
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Abstract: As a biomedical material, porous titanium alloy has gained widespread recognition and ap-
plication within the field of orthopedics. Its remarkable biocompatibility, bioactivity, and mechanical
properties establish it as a promising material for facilitating bone regeneration. A well-designed
porous structure can lower the material’s modulus while retaining ample strength, rendering it
more akin to natural bone tissue. The progression of additive manufacturing (AM) technology has
significantly propelled the advancement of porous implants, simplifying the production of such
structures. AM allows for the customization of porous implants with various shapes and sizes tailored
to individual patients. Additionally, it enables the design of microscopic-scale porous structures to
closely mimic natural bone, thus opening up avenues for the development of porous titanium alloy
bone implants that can better stimulate bone regeneration. This article reviews the research progress
on the structural design and preparation methods of porous titanium alloy bone implants, analyzes
the porous structure design parameters that affect the performance of the implant, and discusses the
application of porous medical titanium alloys. By comparing the effects of the parameters of different
porosity, pore shape, and pore size on implant performance, it was concluded that pore diameters
in the range of 500~800 pm and porosity in the range of 70%-90% have better bone-regeneration
effects. At the same time, when the pore structure is a diamond, rhombohedral, or cube structure, it
has better mechanical properties and bone-regeneration effects, providing a reference range for the
application of clinical porous implants.

Keywords: 3D printing; titanium alloys; bone implant; porous structure

1. Introduction

The repair and replacement of a wide range of bone defects caused by diseases,
trauma, and aging has been an important subject for centuries. So far, the regeneration of
bone defects caused by war, infection, car accidents, tumors, and genetics is still a clinical
challenge [1]. Bone tissue possesses intrinsic regenerative capabilities, but it has a critical
size limit. Within this critical size limit, bone defects can be repaired through the self-healing
capacity of the bone tissue itself. However, when bone defects exceed this critical size limit,
such as those resulting from trauma, disease, tumor resection, or osteomyelitis, spontaneous
healing becomes challenging in the absence of external intervention. A segmental bone
defect is defined as a defect whose length exceeds 1.5 times its diameter. At present, the
most common treatment methods for bone defects are autologous bone transplantation
and allograft bone transplantation. Among them, autologous bone transplantation is
considered to be the “gold standard” in clinical practice; that is, it is the most effective
bone-regeneration method [2,3]. However, these two treatments have obvious limitations,
such as limited autogenous bone, more pain for patients [4], and immune rejection [5]. In
view of this, orthopedic alternatives have rapidly developed in response to clinical needs,
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including skull prostheses, dental implants, interbody fusion devices, femur prostheses,
and tibial prostheses.

Currently, the biomaterials used for implants include the following four categories:
metals and their alloys, polymers, ceramics, and natural materials. The properties of
several commonly used materials are compared with those of natural human bone, as
shown in Table 1. Metal materials exhibit superior mechanical strength and wear resistance
in comparison to polymer and ceramic materials, so metal materials are often used as the
preferred materials for load-bearing implants [6]. Among all metal materials, titanium alloy
(Ti6Al4V) is widely used in the manufacture of orthopedic and dental implants because
of its high strength, low density, corrosion resistance, low elastic modulus, and good
biocompatibility [7,8]. The elastic modulus of human cortical bone and trabecular bone
ranges from 3 GPa to 30 GPa and 0.01 GPa to 3 GPa, respectively [9-11], while the elastic
modulus of a traditional solid titanium alloy can reach 110 GPa, which is much higher
than the elastic modulus of human bone, so the stress-shielding problem may be faced
after implantation [12]. The high contrast between the mechanical properties of bone tissue
and implant biomaterials may lead to bone resorption, a phenomenon defined as stress
shielding [13], which limits the normal growth of bone and ultimately leads to implantation
failure. Secondly, the dense titanium alloy was connected to the host-only interface, and
the intensity after implantation was also prone to loosening [14]. To address these issues,
titanium alloys with a porous structure have been introduced, and this porous structure is
regarded as an effective method for mitigating the mismatch in the elastic modulus [15-17].
Porous titanium alloys combine the advantages of titanium alloys and porous structures
and can be used to manufacture implants with a more perfect structure and performance
to achieve the effect of reducing the elastic modulus and regulating mechanical properties.

The ideal orthopedic implant requires its structure to conform to the anatomy of
natural bone tissue and have connected pores that can satisfy the inward growth and
vascularization of cells. It has certain mechanical properties to provide mechanical support
and avoid the fatigue fracture of the materials; has a surface suitable for cell adhesion,
growth, and reproduction; and should have good biocompatibility and a goodbone-tissue-
integration ability [18-20]. The design of porous structures involves the porosity, pore size,
and shape. The porosity, pore size, and shape of porous scaffolds can play an important
role in the growth of cells and the mechanics of the scaffold and will affect cell nutrients,
the flow of oxygen, and the biological responses of the cells (such as their proliferation,
differentiation, and signaling). The pore structure creates conditions for processes such
as cell adhesion, growth, and reproduction [21], allowing for cell migration, the influx of
oxygen and nutrients, and the circulation of body fluids [22,23]. Since the introduction
of porous Ti6Al4V bone implants, researchers have been diligently striving to discover a
porous implant design that is better suited for promoting bone tissue regeneration [4].

Table 1. Comparison of properties of various biomaterials.

Material Yield Strength (MPa) Strength of Extension (MPa)  Elasticity Modulus (GPa) Cite
Human bone
(Cortical bone) 30-70 70-150 4-30 [24]
CpTi 320 465 110 [25]
Ti6Al4V 585-1060 690-1100 55-110 [26]
Stainless steel 190-690 490-1350 200-210 [27,28]
Co-based alloys 310-1586 655-1793 210-253 [29,30]
Hydroxyapatite — 40-300 80-120 [31]
Bioglass45S5 — 42 35 [32]

2. Preparation of Porous Titanium Alloys

Traditional processing methods such as metal foaming [33], freeze casting [34], and
powder metallurgy [35] can be used to manufacture porous structures. However, for im-
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plants with complex structures, the traditional methods cannot obtain an accurate porosity,
and it is difficult to control their porous structures [36], which limits the application of
porous structures in bone implants. In recent years, more and more studies have adopted
additive manufacturing technology (also known as 3D printing technology) to manufac-
ture implants with porous structures [37]. Three-dimensional printing technology is a
bottom-up processing method. It operates by creating solid objects layer by layer, following
computer-generated 3D models. This technology excels in meeting the demands of per-
sonalized customization to the fullest extent [38]. Three-dimensional printing technology
can further change its elastic modulus and mechanical properties by adjusting parameters
such as the pore size, porosity, pore shape, and surface topography. Today, 3D printing
technology has been widely used in various fields, including agriculture, healthcare, the
automotive industry, and the aerospace industry for mass customization. Figure 1 illus-
trates the utilization of 3D printing technology across various fields. The advantage of 3D
printing in the medical field is that it can be tailored for patients by computer, the size and
shape of the defect can be determined by a CT scan, and then the matching 3D model can
be built by reverse modeling [39], as shown in Figure 1a. Three-dimensional printing tech-
nology can further modify its mechanical and bone-inducing properties through parameter
adjustments, such as the pore size, shape, porosity, and surface topography.

Metal additive manufacturing technology can be divided into several different forming
processes, including Selective Laser Sintering (SLS), Direct Metal Laser Sintering (DMLS),
Selective Hot Sintering (SHS), Selective Laser Melting (SLM), and Electron Beam Selective
Melting (SEBM), among others. SLM can make porous titanium structures well, and the
Young’s modulus of the structure is well matched with that of the skeleton [40]. Therefore,
it is often used in the medical field for the molding of porous titanium alloys. Cui et al. [41]
prepared porous titanium alloys by using SLM technology. Compared to solid metals, the
elastic modulus of porous titanium has been reduced to 0.74 GPa while achieving a com-
pressive yield strength of 201.91 MPa. This meets the requirements for compatibility with
human bone tissue, highlighting the advantages of 3D printing technology in fabricating
porous structures.
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Figure 1. (a) Customization process of 3D-printed implants [15]. (b) Application of 3D printing in or-
thopedics [42]. (c) Three-dimensionally printed artificial vertebral body model and actual pictures [43].
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(d) SLM-3D-printed personalized Ti6Al4V spinal cage (mesh) implant [44]. (e) Three-dimensionally
printed Ti6Al4V threaded implant specimen [45]. (f) Trabecular titanium acetabular cup produced
by 3D ACT EBM [46]. (Reprinted with permission from Ref. [15]. Copyright 2019 Elsevier; Ref. [43].
Copyright 2021 Elsevier. Reprinted from Ref. [42]; Ref. [44]; Ref. [45]; Ref. [46]).

3. Effect of 3D Printing Porous Titanium Alloy Pore Structure on Bone Regeneration

Although a large number of porous metal implants have been designed, the design
and properties of porous structures are still subject to extensive research, especially the
effects of porosity, pore size, and shape. At present, there is no unified conclusion on the
optimal values of the pore size, porosity, and other parameters. In order to find suitable
porous structures, the effects of the above three structures on the physical properties
and endogenetic bone growth of titanium implantation are discussed below. In order to
find suitable porous structures, the effects of the above three structures on the physical
properties and endogenetic bone growth of titanium implantation are discussed below.

3.1. Porosity

Porosity is the ratio of the porous portion to the solid portion of the scaffold. Porosity
characteristics are usually obtained indirectly through physical measurements (for example,
using the density principle, immersing the sample in water, placing it in a graduated
cylinder, replacing the volume of water with the actual volume of the scaffold, and obtaining
porosity data based on the difference in volume) or by using digital image processing and
analysis, as well as computed tomography techniques that can provide a more direct way
to obtain porosity data [47]. The porosity is calculated as follows:

Vp o
n= g X 100 %

Here, Vp represents the pore volume of the scaffold, while Vz denotes the original
volume of the scaffold.

The elastic modulus of implants is mainly regulated by porosity and can be changed
by adjusting the porosity. At the same time, porosity plays an important role in establishing
early bone integration and forming strong interface bonding between porous implants and
surrounding tissues [48]. Increasing porosity provides more room for cells to grow, and
the transport of oxygen and nutrients is correspondingly increased [49]. However, adding
too high a porosity with the same structural design can lead to a significant decrease in
mechanical properties, so finding the optimal porosity range is crucial for the successful
application of the implant. The right porosity can provide cells with room to reproduce
while mimicking the pore structure and mechanical strength of natural bone tissue [15].
When the porosity of the implant matches that of the human bone, the optimal bone
growth environment can be obtained. The structural variations in porous scaffolds with
different porosities are illustrated in Figure 2. Natural bone tissue comprises two distinct
structures: cancellous bone and cortical bone. The interior of cancellous bone features
a spongy structure with a porosity ranging from 50% to 90%. The internal structure of
cortical bone is dense, the bone density is much lower than that of cancellous bone, and
the porosity is only 5% to 10%. Scaffolds with a porosity comparable to that of human
bone trabeculae (70% to 90%) have been shown to enhance cell viability and inward bone
growth [50,51]. Moreover, studies have shown that when the porosity is greater than 70%,
the porosity of the porous structure can have a beneficial effect on bone tissue [52]. A
scaffold structure with a 600-900 um pore size and 60%-90% porosity is recommended
as the best structure [53]. Zhang et al. [54] differentiated the pore rate of a 3D-printed
preparation (40%, 70%, and 90%), and the pore diameter was 700 pm multipores. Micro-CT
results showed that the bone integration effect of the implant with a porosity of 40% (P40)
was inferior to that of the implant with a porosity of 70% (P70) and 90% (P90). In addition,
it is suggested that the change in pore size has a more significant effect on osteogenesis
when the porosity is in the range of 70%—90%. In recent years, more and more researchers
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have prepared porous titanium alloys with a gradient structure. Hindy et al. [40] follow
the biomimetic approach and apply the porosity gradient visible in natural bone to the
fabrication of orthopedic and dental implants. The replication of this functional gradient
ensures the correct distribution of the compression stiffness in different regions.

Unit cell Porous structure
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Figure 2. (a) Structural change model of porous scaffolds with different porosity [55]. (b) Unit
cells with different structural porosity [56]. (c) The LPBF-processed uniform lattice samples [56].
(Reprinted with permission from Ref. [55]. Copyright 2023 Elsevier; Ref. [56]. Copyright 2021 Else-
vier).

3.2. Pore Configuration

Most studies only explored the porosity and pore size suitable for endogenic bone
growth under the condition of a fixed pore shape and ignored the fact that the pore shape
of a porous structure would also affect the effective spatial distribution of the cells inside
the scaffold and affect the mechanical properties of the scaffold. The pore shape was
originally designed to mimic the shape of micropores inside the natural human bone,
which is a complex tissue with a precise porous structure. There are different opinions
about the micropore structure of bone tissue. Some people think that the microholes inside
the human bones are round, some people observe that they are square holes, and some
people think that they are hexagonal honeycomb holes. The geometry of the holes in bone
implants can be square, rectangular, spherical, trabecular, or hexagonal, and more complex
shapes can be made by using solid free-form fabrication techniques, such as cubes [57],
diamonds [58], rhombohedrons [41], and variations of these structures. With different
pore shapes, the mechanical properties and osteogenic properties of the scaffolds are also
different. For instance, the diamond structure has two additional angles compared to
the cubic structure, thereby offering a larger adhesive surface area for cells. The internal
topologies of the porous materials designed by computer-aided methods can be roughly
divided into (1) spatially arranged units composed of pillars, (2) three-period minimum
surfaces (TPMSs), and (3) irregular bioinspired or Voronoi Mosaic structures. In recent
years, TPMSs have also been widely applied to the field of bone tissue engineering based
on naturally occurring nanoscale spiral structures found on butterfly wings that have an
average curvature value of zero while the average curvature value of human trabecular
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bones is also close to zero [17]. A TPMS is an infinite and periodic surface, and the TPMS is
often described by the following types of equations:

cosax + cos By + cosyz = ¢

This equation satisfies the equation ¢ (x, y, z) = ¢, and this function ¢ (x, y, z) is the
isosurface evaluated by the isosurface c.

TPMS structures, including gyro, primitive, and diamond structures, are generated
by using mathematical formulas to tune their mechanical properties by changing various
parameters such as the periodicity and relative density. Kelly et al. [17] evaluated the
performance of TPMS titanium scaffolds produced by AM to repair femoral defects in rats
and confirmed that TPMS scaffolds can repair segmental bone defects. Table 2 summarizes
studies of the biological properties of AM implants with different structures. Jahir-Hussain
et al. [59] conducted a comparative analysis of the mechanical properties of 3D-printed
polylactide (PLA) scaffolds with four distinct pore structures, including round, square,
hexagonal, and triangular, by utilizing finite element analysis (FEA). Their findings revealed
that scaffolds featuring hexagonal pore shapes exhibited mechanical properties consistent
with those of human bones. Van Bael et al. [60] discovered that, in comparison to hexagonal
holes, triangular holes were more favorable for cell growth and differentiation, whereas
rectangular holes were more prone to causing cell blockage. By examining local curvature
and pore shapes, it was determined that obtuse angles were more likely to result in cell
blockage compared to acute angles. However, Xu et al. [61] reported that the osteogenic
ability of hexagonal prism scaffolds was higher than that of triangular prism scaffolds
through in vivo and in vitro studies. Zhao et al. [62] reported the influence of tetrahedral
and octahedral cell scaffolds on cell affinity and found that octahedral cells exhibit better
static mechanical properties and a longer fatigue life than tetrahedral cells. At the same
time, cells spread better on the scaffold on the octahedron than on the tetrahedron.

Kovacs et al. [63] studied the mechanical properties and bone inward growth effect
of titanium alloy scaffolds with six lattice shapes, including a gyro type, cube, cylinder,
tetrahedron, diagonal cone, and Tyson polygon. The efficiency of the bone inward growth
of several lattice shapes was compared, and the results showed that the bone growth degree
of the gyro, conical, and cubic lattices was the best. Lim et al. [64] also came to the same
conclusion by implanting titanium scaffolds of three different structures (octadense, gyroid,
and dode) into the femur of rabbits, and no differences in bone formation in the titanium
scaffolds were observed between the three types of pore structures. Farazin et al. [65]
compared the biocompatibility of the cube, pyramid, and diagonal pore structures and
found that the pyramid structures had the highest cell viability and migration ability. Deng
et al. [66] conducted a study to investigate the effect of 3D-printed scaffolds with four dif-
ferent pore structures (i.e., diamond, tetrahedral cells, round pores, and cubes) on the
osteogenic properties. The results showed that the diamond structure produced the best
bone growth, possibly because the structure’s strut angles are similar to the angles between
the trabeculae of cancellous bone in humans. At the same time, fluid dynamics (CFD)
studies also show that the diamond structure has the smallest fluid velocity difference and
the longest fluid flow path. This property is very beneficial for promoting blood vessel
development, promoting nutrient transport, and enhancing bone formation. Therefore, the
diamond structure is more conducive to bone growth. Compared with diamond structures,
rhombohedral dodecahedrons have been shown to have better mechanical strength and
moderate biological properties and can be applied to body parts with relatively high me-
chanical properties requirements [67]. Zhao et al. [15] conducted a study on the mechanical
properties of supports featuring various pore structure elements. The findings revealed that
supports with diamond-shaped pore elements exhibited the lowest compressive strength,
measuring only approximately 38.2 MPa. Supports featuring cyclopore elements displayed
a lower compressive strength, around 57.0 MPa, while those with cube-shaped pore ele-
ments demonstrated a higher compressive strength, approximately 142.8 MPa. In summary,
the diamond structure, rhombohedral dodecahedron structure, and cube structure show
great potential in promoting bone regeneration.
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3.3. Pore Size

The porous structure not only efficiently lowers the elastic modulus, encouraging
the formation of a mineralized layer on the implant’s surface and promoting protein
adsorption, but also offers a conducive environment for cell adhesion, thereby facilitating
the proliferation and differentiation of bone cells. Additionally, it serves as a channel for
the transmission of metabolism and nutrition [68]. The pore size is very important for
porous implants, and it affects the expression of osteogenic genes and the differentiation of
osteoblasts. Wang et al. [69] confirmed that pore size and structure also play a certain role
in regulating the expression of genes related to angiogenesis. The aperture of the scaffold
should ensure that bone cells, nerve fibers, and blood vessels can grow into the scaffold.
When the aperture is too large, it increases air permeability, which prevents cells from
adhering to the surface [70]. When the aperture is too small, cells cannot enter the scaffold,
resulting in cell accumulation, reducing cell migration in the scaffold and even affecting the
circulation of nutrients and metabolic waste, which is not conducive to the growth of bone
tissue [52]. At present, there is no precise definition of the most suitable pore size for bone
growth. Some studies generally believe that the pore size of 100 um to 400 pm can promote
angiogenesis and bone growth, and below this range will limit bone cell growth [71].
Through a comprehensive analysis of the pore size required for the internal growth space of
bone tissue and the formation of blood vessels, it is recommended that the optimal pore size
is 300-600 pum [72,73]. The comprehensive impact of pore size on implants is summarized
and drawn Figure 3. After staining with Toluidine Blue, it was observed that new bone
tissue had developed within nearly all of the surface micropores of the 600 pm implants.
The results indicate that, in comparison to scaffolds with 200 pm and 1000 pm apertures, the
scaffolds featuring 600 um apertures were more favorable for the growth of new bone tissue.
Zhao et al. [62] reported tetrahedral cell titanium alloy scaffolds with pore sizes of 500 pm
and 1000 pm. Figure 4a shows that cells on the scaffold with a pore size of 1000 um exhibit
better spread and more filamentous pseudopods. Hara et al. [74] conducted an experiment
in which they implanted four types of cylindrical porous titanium alloys with varying pore
sizes (500 um, 640 um, 800 um, and 1000 um) into the distal end of rabbit femurs. The
findings revealed that porous titanium alloys with pore sizes smaller than 800 pm offered
bioactive surfaces and maintained mechanical stability for bone fixation through implants.
Meanwhile, Zhou et al. [75] proposed that the pore size of ideal bone tissue engineering
scaffolds should be 300-900 pm. Zhang et al. [54] prepared titanium alloy scaffolds with a
constant porosity of 70% and different pore sizes (400 um, 700 pm, and 900 um) and porous
titanium alloy scaffolds with constant pore sizes of 700 um and different porosities (40%,
70%, and 90%). The effect of the pore size and porosity on osteogenesis was discussed. The
micro-CT results showed that a scaffold with a pore size of 700 um can better induce cell
ingrowth and new bone formation. An interesting phenomenon was discovered through
fluorescence images; that is, cells are more likely to grow at the edges and then spread
toward the center. Within the recommended porosity range (70%-90%), changes in pore
size have a more significant impact on osteogenesis. Similarly, the same phenomenon was
found in a study by Ran et al. [76]. The actual pore sizes of P500/P700/P900 implants
prepared by SLM were 401 + 26 um, 607 & 24 pm, and 801 £ 33 pum, respectively. Through
observation, the morphology of osteoblasts on different implants found that the larger the
pore size, the higher the cell density, as shown in Figure 4b,c. Finally, by implanting the
implant into rabbits, it was concluded that the biological performance of the P700 group
with an actual pore diameter of approximately 600 pum was better than that of the other
two groups. Wang et al. [77] created consistently sized cubic pores measuring 300 pm,
400 pm, 500 pm, 600 pm, 700 pm, 800 pm, 900 pm, and 1000 um through a combination of
in vivo and in vitro experiments. The structural modifications and experimental outcomes
are depicted in Figure 4d—f. The cell adhesion, proliferation, and differentiation of the
500 pm, 600 um, and 700 um porous scaffolds were superior to those of the other groups.
Subsequent in vivo experiments showed that the 600 um porous scaffolds had a better
ability to induce new bone formation. Ouyang [78] compared the correlation between
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the mechanical properties and bone regeneration of scaffolds with a 400 pm, 650 pm,
850 pm, and 1100 pm aperture prepared by SLM and finally showed that the scaffolds with a
650 um aperture showed the best bone inward growth.

Low strength

Low specific surface area
Inefficient cell bridging

Good Low permeability

800 Vascularisation

900
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Figure 3. Comprehensive effect of pore size on implants.
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Figure 4. Effect of porous titanium scaffolds with different pore size and porosity on osteogenesis
and cells. (A): SEM micrographs of cells after 3 days of culture with scaffolds: a on the surface, b into
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pores. Pseudopodia are in blue. SEM morphology of cells after 3 days of culture on ¢ T500,
d T1000, e O500, f 01000. Lamellipodia and filopodia are indicated by yellow arrows in c—f [62].
(B): Macrophotographs of 3D-printed porous Ti6Al4V samples used for mechanical testing and
in vitro and in vivo studies, and SEM images of p500, p700, and p900 [76]. (C): Representative
fluorescence images of osteoblast adhesion to porous Ti6Al4V implants after 14 days of culture. Cells
are stained with actin filaments (red) and nuclei (blue) [76]. (D): Pore size analysis of TiAl4V and
cell-staining results(live: green; dead: red), the green circle represents the pore size measured by
Image-] software (Version 1.54) [77]. (E): Optical pictures of porous titanium alloys with different
pore sizes [77]. (F): Quantitative analysis of BV/TV [77] (* p < 0.05, ** p < 0.01, and *** p < 0.001, when
compared with P500). (Reprinted with permission from Ref. [62]. Copyright 2023 Elsevier. Reprinted
from Ref. [76]; Ref. [77]).

4. Application of 3D-Printed Titanium Alloy Bone-Repair Scaffolds

The utilization of 3D-printed porous titanium alloys addresses the issue of a mis-
matched elastic modulus between implants and human bone, enhancing compatibility with
host bone tissue. Consequently, this technology finds frequent application in orthopedic
bone defect repair and dental implant procedures. This section is dedicated to discussing
the use of titanium-alloy-based orthopedic and dental implants. A single porous titanium
alloy alone may not suffice to address the common challenges encountered in clinical
practice. In practical research and application, it is often combined with other functional
materials to achieve enhanced performance and functionality [62].

Biomimetic modifications can optimize the biocompatibility of the surface of 3D-
printed porous structures, imparting various desirable properties. The judicious selection
of biomaterial coatings represents a straightforward and effective approach to augment the
biological activity of 3D-printed implants. For example, Wei et al. [79] used 3D printing
technology to prepare a porous titanium alloy scaffold with a porosity of 68% and a pore
size of 710 um and then used multiarc ion plating technology to prepare a magnesium
coating on the scaffold. Magnesium and its alloy also have good biocompatibility, and
the most important thing is that it is a degradable material. The results showed that
magnesium ions would be released after implantation, and the appropriate concentration
of magnesium ions could inhibit the proliferation of bone tumor cells. Porous titanium is
combined with antibacterial hydrogel to fill the micropores of porous titanium, which can
be used to treat infected bone defects to induce bone repair and bone integration. Qiao
et al. [80] 3D printed a titanium scaffold with a porosity of 70% and a pore size of 600
pm and found that the regenerated bone tissue around the bare titanium scaffold was
very limited while the composite implant showed an antibacterial ability and the ability
to promote the bone formation differentiation of bone marrow mesenchymal stem cells
(BMSCs) in both in vivo and in vitro experiments. More applications are shown in Table 3.

Table 3. Application case of porous titanium alloy implants.

Material Method Feature Outcome Ref.
Following Ti-Rod implantation, the femoral
head showed good osseointegration, with tight
. AT integration between the peripheral bone and
Ti-6Al-4V EEM 3D printed porous titanium is a porous the rod, and the new bone grew along the [81]
titanium alloy rod with a diamond lattice metal trabecula without the intervention of

prepared using electron beam melting (EBM)  fibrous tissue.
technology. A: the body of the rod; B: the end
of the rod.
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Table 3. Cont.

Material Method Feature Outcome Ref.
A) )
Micro-scaffold
3D Laser Printer  Porous titanium  Hybrid scaffold in pores
['—}'IEEEEEF \Em——— A ".
The Mg-CS/CH-coated Ti-6Al-4V scaffold
. enhanced cell adhesion, proliferation, and
Ti-6Al-4V SIM differentiation, thereby enhancing downstream [6]
osteogenesis and mineralization.
The aperture of the 3D-printed Ti-6Al-4V stent
is about 350 pm, and the maximum
compressive strength is 49.3 £ 0.9 MPa. (A) is
the preparation and coating scheme of 3D
printed Ti6Al4V scaffold. (B) is a photographic
image of Mg-CS/CH coated Ti6-Al-4V scaffold.
Compared to the solid titanium alloy structure,
the elastic modulus of the 3D-printed titanium
alloy scaffold with a trabecular structure ranges
Ti-6Al-4V EBM from 0.39 to 0.618 GPa, which closely [82]
approximates that of natural bone. This
’ characteristic helps mitigate the occurrence of
Titanium alloy cells (L, a and s are unit, stress-shielding phenomena.
projected aperture and strut size, respectively)
were designed to simulate trabecular structure.
New bone grows inside the cage through pores
7 on the surface of the newly 3D-printed cage.
Ti-6AL-4V EBM - & This 3D-printed porous titanium cage exhibits 83]
(a) SEM image of the new 3D cage at 50 times; excellent biocompatibility and osseointegration
(b) SEM image of the new 3D cage at 100 times. capabilities, making it a potential candidate for
The interior of the 3D-printed cage has an clinical applications.
octahedral porous structure with uniform pore
size and interconnectivity.
Hydrogels composed of sodium tetraborate,
polyvinyl alcohol, silver nanoparticles, and
) . e tetraethyl orthosilicate were combined with
Ti-6AL-4V EBM Hyd ! ot St el titanium alloy scaffolds for the treatment of [80]
- - rogel D-printed pTi Scaffold Hydrogel Modified pTi Scaffol

Visual images of (a) disk-shaped and (b)
columnar-shaped pTi scaffolds. Visual images
of supramolecular hydrogel modified (c)
disk-shaped and (d) columnar-shaped pTi
scaffolds. SEM microphotographs of (e) pTi
scaffolds and (f) supramolecular hydrogel
modified pTi scaffolds.
Hydrogels composed of sodium tetraborate,
polyvinyl alcohol, silver nanoparticles, and
tetraethyl orthosilicate were combined with
titanium alloy scaffolds for the treatment of
infected bone defects.

infected bone defects. In vivo experiments
verified that these implants can promote bone
regeneration while effectively exhibiting
antibacterial properties.
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Table 3. Cont.

Material Method Feature Outcome Ref.
Through finite element analysis, the optimized
implant can provide an excellent mechanical

Ti-6Al-4V — environment for bone regeneration, so as to [84]

achieve long-term stability and occlusion
reconstruction of the implant.

A 3D-printed titanium mesh used to repair
mandibular defects.

5. Conclusions

The 3D-printed porous titanium alloy bone-repair scaffold can effectively solve the
stress-shielding problem between the implant and human bone, solve the bone mismatch
problem, shorten the operation time, and reduce the surgical failure rate, and it is expected
to solve the clinical problem of large bone defects repair, which has been widely studied
and applied in recent years. In this study, we conducted a comprehensive review of the
influence of structural design in 3D-printed orthopedic titanium alloy implants on bone
regeneration. We examined the critical factors such as pore size, porosity, and pore shape
that can effectively enhance bone regeneration. This analysis offers valuable insights and
establishes a reference framework for future research endeavors focused on the structural
aspects of porous implants. Based on the discussion of the above literature, the pore
size range of 500-800 um and the porosity range of 60%-90% can achieve a better bone
growth effect. The cell structures with a better bone regeneration effect were diamond,
rhombohedral dodecahedron, and cube.

6. Future Direction

While 3D printing porous titanium alloy offers numerous advantages, it still encoun-
ters certain practical challenges. There is a need for further refinement in both the design of
porous structures and the selection of titanium alloy materials for 3D printing porous tita-
nium alloy brackets. First of all, the porous structure of a human skeleton is not uniformly
distributed on the whole but presents a gradient porous structure with a dense exterior and
loose interior. In the future, bionic porous scaffolds that can balance biological and mechan-
ical properties should be further studied to achieve the perfect combination of implants and
human bones. Secondly, efforts should be made to research the composition of titanium
alloys to improve the performance of titanium alloys, thereby preparing stents with better
performance. Finally, in order to verify the long-term safety and effectiveness of porous
titanium alloys, more clinical experiments and research are needed to combine porous
titanium implants with other functional materials to achieve antibacterial, osteogenic, and
other effects and obtain more clinical data and experience. With the deepening of research,
3D printing will be able to exert greater value in combination with artificial intelligence
and big data in the future.
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Abstract: In orthopedics, bone fixation imposes the use of implants in almost all cases. Over time, the
materials used for the implant have evolved from inert materials to those that mimic the morphology
of the bone. Therefore, bioabsorbable, biocompatible, and bioactive materials have emerged. Our
study aimed to review the main types of implant materials used in orthopedics and present their
advantages and drawbacks. We have searched for the pros and cons of the various types of material
in the literature from over the last twenty years. The studied data show that consecrated metal alloys,
still widely used, can be successfully replaced by new types of polymers. The data from the literature
show that, by manipulating their composition, the polymeric compounds can simulate the structure
of the different layers of human bone, while preserving its mechanical characteristics. In addition,
manipulation of the polymer composition can provide the initiation of desired cellular responses.
Among the implanting materials, polyurethane is distinguished as the most versatile polymeric
material for use both as orthopedic implants and as material for biomechanical testing of various
bone reduction and fixation techniques.

Keywords: orthopedic devices; implants materials; biomechanical tests; polyurethane; titanium-
based alloys; biocompatibility; bioceramics

1. Introduction

Over time, for medical purposes, different materials foreign to the human body have
been used, such as hair or cellulose used as a suture material, and wood or horn proved
to be effective as a material for fixing bone fractures [1,2]. Modern times have brought
metals and alloys to the fore as the first choice for the composition of implants, due to
their properties: superior strength, reduced risk of rejection, and, above all, biological
inertness [3]. Since the Second World War, a new type of compounds, namely synthetically
obtained polymers, began to be increasingly used in medical applications, including
orthopedics [3,4]. Over time, synthetic materials have evolved from biocompatible and
biodegradable materials to bioactive materials today. Data from the literature show that, by
manipulating the composition, polymeric compounds can simulate the structure of different
tissues while maintaining their mechanical characteristics [3,4]. In addition, by choosing

Coatings 2022, 12, 1544. https:/ /doi.org/10.3390/ coatings12101544 173 https://www.mdpi.com/journal/coatings



Coatings 2022, 12, 1544

the appropriate type of composition, polymers can initiate targeted cellular responses
that favor the healing/repair process. Among the synthetic compounds, polyurethane
stands out as one of the most versatile materials, being able to be used as orthopedic
implants, covering materials, drainage devices, but also as a material for biomechanical
testing of different fracture reduction and fixation techniques [5,6]. The diversity of uses
those polyurethanes allow is generated by the fact that, through chemical manipulation, the
resulting polyurethanes can mimic many of the structures of human tissues [7]. Knowledge
of the mechanical properties of materials and their biocompatibility are the key points for
their use in orthopedic surgery.

2. Requirements for Materials Used to Fix Bones

From ancient times, mankind has used different foreign materials for medical purposes,
such as employing hair or cellulose as suture material and using wood or horn for bones
fracture fixation [1,8-11]. In modern times, metals and alloys have become the first choice
in implants utilization, due to their superior strength, lower risk of rejection, and inertness.
Since the Second World War, a new class of compounds, the synthetic polymers, have
rapidly developed and been increasingly used [12-14]. Regardless of the type of material
used, the implant devices must meet general and specific requirements, such as mechanical
and biological characteristics.

2.1. General Requirements of Materials for Orthopedic Implant

The basic requirements for implant materials are the clinical and manufacturing
properties. As clinical criteria, the materials used for implants must neither be rejected
by the body nor generate harmful products [15]. As manufacturing criteria, the materials
must allow for the fabrication of the optimum configuration at an affordable price.

2.2. Specific Requirements of Materials for Orthopedic Implant
2.2.1. Mechanical Requirements

The mechanical requirements for an implant are dictated by its use; e.g., strength for
loading, elasticity for shear stress. In orthopedics, the implant materials must work in
repeated upload/download cycles under different types of forces such as bending, twisting,
and shearing stress. Furthermore, implantation devices are subjected to corrosive condi-
tions over long periods of time, which may affect their properties. Therefore, mechanical
properties must be accurately assessed in order to maintain fracture reduction. The me-
chanical properties of the material are evaluated in terms of deformation (strain) produced
by an applied force (stress) [16]. The applied stress may be produced by loading, bending,
torsion, and compression, or by shear actions. The mechanical properties of an implant
material can be assessed using the general stress-strain diagram for the deformation of a
material under an imposed external force [17]. The diagram indicates two separate regions:
the elastic region, where no deformation occurs, and the plastic region, where deformation
is permanent. In the elastic region, the slope of the curve expresses intrinsic stiffness or
rigidity (also known as Young’s modulus). Rigidity defines the property of a solid body to
resist deformation. As stress increases, micro—fractures accumulate, plastic deformations
appear, and finally the material breaks up [18]. In the specific case of bones, rigidity is not
constant, as is the case for implanted materials. It is said that bone tissue is an anisotropic
material. Anisotropy means that a material exhibits different mechanical properties de-
pending on the direction of their determination. Thus, the mechanical properties of the
bones depend on the direction of the force application. For example, bone tissue is more
rigid when an external force acts in the longitudinal direction of the bone than when it acts
on its surface [19].

In the particular case of a pelvis fracture, the main stress is the loading stress. Here,
the general load-curve can be converted into a load deformation curve [20]. The converted
diagram allows the calculation of the implantation device’s rigidity, in order to compare
it with the rigidity of a healthy bone. It is also useful in the case of a simulation, for the
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assessment of the stiffness of artificial bones that mimic certain bone pathologies; e.g., the
osteoporotic bone. In the plastic region, it is possible to determine the final stress that
causes the breakage of material through fracture. Thus, parameters that are widely used for
characterization of a mechanical implant material are rigidity and failure-load [18,20]. As a
conclusion, using load-deformation diagrams, the mechanical properties of the implant
can be calculated and the implant resistance estimated.

2.2.2. Biological Requirements

The most important property for an orthopedic device is biological inertness, meaning
the lack of reactivity with the biological surroundings. In body conditions, a certain degree
of reactivity takes place; thus, limited implant degradation may occur. This is considered
acceptable if the process does not impair the mechanical strength, or generate harmful
byproducts [21]. Contrary to this initial concept, the most recent approaches consider that a
certain controlled reactivity between the implant material and the biological surroundings
can be used to accelerate the healing process [22]. The introduction of biomaterials has
opened up the possibilities of designing materials with particular properties that facilitate
the adaptation of the implant to the mechanical and morphological characteristics of
the receiving structure. Dolcimascolo et al. [23] consider that biomaterials used in the
last 60 years can be grouped into three generations: bio-inert materials (first generation),
bioactive or biodegradable materials (second generation), and the current third generation.
The design of the third generation intends that the implanted material triggers specific
molecular responses that will accelerate the healing process. In recent studies, a new class of
biomaterials has been presented: the fourth generation [24-27]. Categories of biomaterials

can be seen in Figure 1.

Second generation Thirtd generation Fourth generation

This classification outlines the conceptual evolution of the requirements for implant
materials. The major requirements pertaining to the first generation had been stiffness
and the biological inertness of the materials. Implantation triggers the absorption of non-
specific proteins on the surface of the material; a fibrous tissue capsule is formed, and the
implant is encapsulated inside, which is a disadvantage for the implant [28]. This led to the
design of the second generation of materials. For the second generation, which occurred
between 1980 and 2000, the major requirements were the development of bio-absorbable
and bioactive materials, while maintaining the mechanical properties of the implant [29,30].
A bio-absorbable material is able to degrade in a progressive manner, allowing the healing
and regeneration of tissues. The bioactive material is designed to generate a layer of
hydroxyapatite (HA), a natural component of the bone, on the surface of the material
instead of the fibrous capsule. It is considered that in vivo stimulation of the production
of a hydroxyapatite layer on the implant surface improves the process of mineralization,
fixation, and bone regeneration [31,32]. The chemical attachment of various reactive groups
on the surface of the polymer causes it to become bio-functional. Thus, this improvement
by the second generation materials was possible by modifying the implant surface to
promote specific cellular responses, instead of nonspecific responses, as was the case with
the first generation [29]. The third generation of biomaterials orientate around the ability
to trigger signals that stimulate specific cellular responses at the molecular level. These
biomaterials are related to tissue engineering, regenerative medicine, tissue transplantation,
and grafting. These biomaterials are designed to be temporary three-dimensional porous
structures that are capable of stimulating tissue regeneration, nutrient supply, and possibly,
angiogenesis [33,34]. The fourth generation of biomaterials elicits a personalized interaction

+ Bioactive and
biodegradable

» Bio-inert + Bioactive/biodegra

dable

Figure 1. Categories of biomaterials.
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with cellular processes and microenvironments, which includes four requirements: inertia,
activity, receptivity, and autonomy [35].

3. Specific Orthopedic Implant Materials
3.1. Metal Materials

The first materials used for implant devices were metals and alloys, due to their
superior strength and a certain biological inertness. Metals selected for the implant include:
iron, cobalt, nickel, titanium, and zirconium. The metal combinations aim to obtain specific
properties in the final mixture, such as: elasticity, strength, ductility (to reduce the risk of
crack failure), and corrosion resistance [36]. Current alloys used in orthopedic metal-based
implants include: stainless steels, cobalt-based alloys, and titanium-based alloys. Table 1
summarizes both the advantages and disadvantages of the most important metal materials
used in orthopedics.

Table 1. Advantages and disadvantages of metal materials used in orthopedic devices.

Metal Materials Advantages Disadvantages References
Stainless steel {ngsheieséic:::zze, allergic reaction, [37-39]
(316L) casy fa%ricatio’n stress shielding effect
Cobalt-chromium-based alloys . . . . .
(Co-Cr-Mo high corrosion resistance, early implant loosening rate, [36,40-42]
Cr-Ni- Cr-l\;lo) wear resistance difficult fabrication !
Titanium —based alloys biocompatibility, expensive
(Ti-4Al-4V, Young modulus close to bone, intPc))xica ti(;n [43-46]
Ti-6Al-7Nb, excellent corrosion resistance, bone resor ,tion aller
Ti-13Nb-13Zr) good osteointegration phion, 8y

biodegradability in vivo, low mechanical strength,

Mg based alloys biocompatibility fast degradation [3647,48]

3.1.1. Stainless Steel

Stainless steel 18-8 (18% chromium, 8% nickel) is the most common alloy. It has
superior corrosion resistance obtained through compositional modifications by using
additional metals, especially Cr [37]. The presence of Cr allows Cr,O3 to form a strong and
adherent layer that favors healing. Stainless steel is widely used in removable orthopedic
devices (fracture plates, hip screws) due to its low cost [49,50]. Currently, the new stainless
steel-based alloys contain Co-Cr, Ni, Mn, and a high nitrogen content [50]. These types of
alloys can be used in combination with polyethylene (PE) for disc prosthesis [51].

3.1.2. Cobalt-Based Alloys

Cobalt-based alloys are superior to stainless steel in terms of strength [42,52]. They
have the advantage of better biocompatibility, being more resistant to corrosion than stain-
less steel, but more expensive to manufacture. Some variants of the alloy composed of
cobalt-chromium-molybdenum are especially used for implants in hip prosthesis [22,53].
This alloy version is reserved for metal-to-metal devices due to its high abrasion resis-
tance [54,55].

3.1.3. Titanium-Based Alloys

For orthopedic devices, titanium may be used alone or in alloys with other metals.
The use of pure titanium has the following advantages: low weight, very good corrosion
resistance, especially in saline solution (due to the formation of an adhesive layer of TiO,),
and the ability to become tightly integrated into the bone [56-59]. This last property greatly
improves the long-term behavior of the implant, as well as reduces the risk of loosening
and failure of the device. Though titanium-based alloys have proven to be highly corrosion-
resistant and biocompatible, there are concerns regarding long-term implantation because
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of the release of potentially toxic alloying elements and the risk of stress shielding, as their
elastic modulus values are still relatively high compared to the elastic modulus of bone.
Being an expensive material, titanium-based alloys are currently only used for patients
with hypersensitivity reactions to steel or cobalt-chromium alloys [45,46,60].

In conclusion, even though metallic implants belong to the concepts of the first-
generation, they are still in use and they continuously evolve. Proper features of the
implant surface, such as roughness, wettability, and electrostatic charges that finally dictate
the quality of implant anchorage in bone, can be obtained through a wide variety of surface
treatments applied to the metal alloys.

3.2. Non-Metal Materials
3.2.1. Polymeric Materials

Today, polymeric materials are good replacements for many types of materials in all
medical fields. The increasing use of polymers is dictated by low production costs and
high versatility. Full data on all types of synthetic polymers used in clinical medicine
can be found in Mainz’s review [61]. In the case of orthopedics, the use of polymers is
steadily increasing due to the unlimited possibilities of manipulating their bio-mechanical
properties [6,62]. The polymeric biomaterials belonging to the first generation include:
polyethylene (PE), polymethylmethacrylate (PMMA), and polyurethanes (PU). These mate-
rials are still used today in both the first- and third-generation versions.

Both the advantages and disadvantages of the most important non-metal materials
used in orthopedic devices are presented in Table 2.

Table 2. Advantages and disadvantages of some non-metal materials used in orthopedics.

Non-Metal Materials Advantages Disadvantages References
Polyethylene (PE)/ultrahigh low .re51stance to debris generatlon
. friction, along time as a result

molecular weight resistance to wear, of wear, [63-70]

polyethylene (UHMWPE) biocompatibility osteolysis
good tensile long-term usage can

?li/}[]ﬁi[)h ylmethacrylate properties and tensile  produce cement [71-80]
strength fragmentation

Polyethylene

Polyethylene is used in total hip and knee arthroplasty, insertion of the tibia, or as
a spacer in disc replacement [64,67]. The major benefits of PE use are: low resistance to
friction, resistance to abrasion or to impact, and good biocompatibility. A particular type
of polyethylene polymer, named ultrahigh molecular weight polyethylene (UHMWPE),
associated with metal, is highly used in orthopedic surgery or joint prostheses [70] due to
its high load bearing capacity. The main drawback is the possibility of debris generation
over time as a result of wear.

Polymethylmethacrylate

Polymethylmethacrylate is also known as “acrylic cement”. It is a versatile compound
used in ophthalmology, dentistry, as well as orthopedics. In orthopedics, PMMA is used for
hip arthroplasty, spinal fracture fixation, internal fracture-fixation plates (so-called “luting”),
and as a permanent bone substitute in the treatment of pathologic fractures [81-84]. The
most important feature of PMMA is that it can be molded into particular shapes dictated
by implant requirements, or be polymerized in situ during the time of surgery. The
polymerization process lasts from 6 to 7 min. Used as cement that anchors the prostheses
to the bone, PMMA must ensure bone adhesion. For this purpose, the polymer is filled
with hydroxyapatite particles; thus, providing a homogeneous load transfer from the
implant to the bone [85]. Other advantages of PMMA include good tensile properties,
tensile strength, as well as good flexural rigidity. Although it has many advantages, the
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use of PMMA does have some disadvantages, such as the release of heat and methyl
methacrylate monomer (MMA) in the in situ polymerization process. Released MMA
causes hemodynamic effects (hypotension and hypoxemia). Another disadvantage of
PMMA utilization is its brittleness compared to metal materials. In the particular case of
fragility fractures, such as vertebral or sacral osteoporotic fractures, the injection of PMMA
has the advantage of improving stability and reducing pain [86]. The main disadvantage of
the procedure is the extravasation of the PMMA in the pre-sacral space, spinal canal, sacral
foramen, which may affect sacral nerve root, or sacral spinal canal [86].

Polyurethanes

Polyurethane is a very versatile and inexpensive material and is therefore used for
many medical purposes. It can be produced in various types that offer specific properties de-
pending on the purpose of the implanted device. These include stiffness, flexibility, mechan-
ical strength, or elasticity. However, the most important property is that it can mimic certain
biological structures of the body, especially bone structure. Furthermore, polyurethanes can
be made entirely biocompatible (for permanent implantation) and also biodegradable (ab-
sorbable scaffolds for tissue regeneration) [87]. The medical use of polyurethane includes
vascular catheters [88,89], transparent semipermeable films for wound dressings [90], heart
valves [91], ureteral [92], stents, or orthopedic implants [93]. Third-generation PU are used
for tissue reinforcement scaffolds (as biodegradable material in combination with urea) [94]
or for regeneration of peripheral nerves [95,96]. Polyurethanes are by far the most used
material in mechanical testing of orthopedic fixation devices. Their use is justified by the
fact that, through chemical modification, polyurethanes can faithfully simulate both the
compact structure of the cortical bone and the trabecular structure of the spongy bone.
When tested with an externally applied force, the stress-strain curve of the polyurethane
foam exhibited a similar behavior to the spongy bone. Thompson et al. [97] tested different
types of rigid polyurethane foams and found that the polymer and the spongy bone exhibit
similar behavior in the elastic area. Due to the similarity between the human bone and the
polymer, a standardization of the polyurethane foams was established based on mechanical
behavior for different bone density [98]. As a conclusion, PU foams can be used [99] as
human bone replacements to measure important functional parameters (resistance, stability,
and rigidity) of orthopedic implants in biomechanical tests.

3.2.2. Ceramics

Due to the increase in the life expectancy of the population and the number of surgical
interventions, it is expected that the implants will be very reliable and resistant to breakage
in vivo, so that they can provide a service life of more than 30 years. Because they present
biocompatibility, high hardness, and high resistance to wear, ceramic materials are gen-
erally suitable for bone replacement bearings [36]. The development of ceramics in joint
replacement bearings aims to reduce clinical wear, and consequently, reduce the risk of
debris-induced osteolysis [100]. Bioceramics are classified into three types: bioinert, that do
not interact with living tissues and are non-toxic (zirconia, alumina); biodegradables, that
are absorbed and dissolved inside the body (calcium phosphates and hydroxyapatite); and
bioactive, that are able to form (bioactive glass). Alumina-zirconia ceramic composites show
remarkable stability and mechanical properties, but they have high production costs [101].
Calcium phosphate coatings have been used in orthopedics due to their similarity to the
mineral, the bone phase, and presents the advantage of significant biocompatibility and
osseointegration with the host tissue. Plasma sprayed calcium phosphate coatings are not
uniform, and there is little control over thickness and surface topography, which can lead
to implant inflammation when particles are released from them [102].

4. Future Perspectives for the Materials Used in Orthopedics

Currently, the materials widely used in orthopedics are metal, bioceramics, and
polymers [103-110]. Recent data suggest that a special interest is being given to biomedical
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nanotechnology. Ceria nanoparticles or nano-ceria (CeO,-NPs) were presented with an
increased potential for applicability in orthopedics [111-114]. Luo et al. [115] investigated
the effect and mechanism of cerium oxide nanoparticles (CeO, NPs) in MC3T3-E1 mouse
osteoblast precursors, and reported that they improved matrix mineralization and increased
osteogenic gene expression. Castiglioni et al. [116] proposed the use of silver nanoparticles
to fight infections in orthopedic implants, because those that show antimicrobial activity are
smaller than those that exert toxic effects on bone-forming cells in vitro. Samanta et al. [117]
highlighted that gold nanoparticles (Au NPs) have antibacterial action. These results
demonstrate the positive impact that nanomedicine can have on improving the effectiveness
of materials used in orthopedics.

Due to biocompatibility and appropriate mechanical properties, magnesium alloys
have recently become the focus of research. At this moment, Mg-based metal alloys repre-
sent the new generation of biodegradable metal materials, with a good osseointegration
property [105]. In a case study, Holweg et al. [118] focused on intraoperative clinical sites
of human bone stabilized with magnesium screws and reported homogeneous degradation
with good bone-implant interface. Future research must be concentrated on the direction
of alloys with a low degradation rate and an improved mechanical strength, in order to
solve load-bearing zone fractures [119].

Current research focuses on both the development of new materials and surface
modification strategies. The development of new techniques and strategies on composite
coatings to better mimic the structure of human bone would lead to a new generation of
orthopedic implants with improved implant integration and bone healing.

The recent development and use of 3D printing technology is rapidly becoming
more valuable to the field of orthopedics, but the field of orthopedic implants has not
been sufficiently explored. Polymers are one of the most common materials used in 3D-
printed bone replacements because of their potential use as filaments for fused deposition
modeling, solutions for stereolithography apparatus, and gels for direct ink writing [120].
Feltz et al. [121] evaluated the feasibility of using desktop 3D printers to reproduce surgical
implant models using biocompatible materials and reported reduced manufacturing costs,
but did not achieve mechanical properties similar to standard stainless-steel implants.
In orthopedics, 3D printed materials can be made into implants, prostheses, and create
life-size anatomical models [122].

Materials used in orthopedics will continue to evolve in order to reduce implant costs,
maintain patient safety, optimize surgical techniques, and reduce the risk of infection.

5. Conclusions

The challenges encountered in orthopedics are: fractures, broken joints, and already
diseased bone traumas. In order to restore normal bone function or joints, the use of
prosthesis or implantation devices is inevitable. Certain properties of the implant material
are mandatory to ensure a total recovery. Current data show that consecrated metal
alloys, still widely used, can be successfully replaced by new types of polymers. Synthetic
materials based on biocompatible polymers belonging to the latest generation are able
to provide multiple possibilities for reproducing the anatomical structure, reabsorbing
over a period of time, or generating a specific response from the biological environment.
Literature indicates that polyurethanes are the most suitable material for the mechanical
testing of orthopedic devices. We also believe that nanotechnology is very important for the
success of orthopedic implants. Finally, synthetic materials allow simulations to evaluate
the behavior of an implant device; thus, increasing the chances of a successful surgical
implantation procedure.
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