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The field of biomaterials is very extensive, encompassing both the materials themselves
and the manufacturing methods, which are constantly developing. Biomaterials, natural
or synthetic, alive or lifeless, due to their biological interactions, are frequently used in
medical or oral applications to augment or replace a natural function [1].

A biomaterial for medical or oral applications has been defined as a natural or synthetic
material that can be inserted into live tissues without developing an immune reaction [2].
As a consequence of the close proximity with human tissues, their use implies specific
issues related to properties such as biocompatibility, bio-integration, antimicrobial action,
corrosion resistance, and long-term performance. Based on biocompatibility, they are
classified as bioactive, biotolerant, biodegradable, or bioinert [3].

The wide range of biomaterial applications in medicine and dentistry include both
hard and soft tissue regeneration [4,5]. The basic characteristics of biomaterials for tissue
engineering have constantly improved due to the advancements in the field, being charac-
terized by corrosion resistance, non-toxicity and non-carcinogenic properties, bioactivity,
and proper mechanical strength, depending on the surrounding tissue type [2,6].

Starting with medical devices or grafts, regenerative medicine has improved the
field of tissue engineering, with the aid of biomaterials. Natural or synthetic biomaterial
scaffolds have been developed to induce replacement of the missing tissue by means of
generating specific regenerative cell responses, through bioactive molecules. Once placed
into a specific tissue, the biomaterial surface initiates the interaction with the surrounding
cells, inducing the charging of its surface energy and resulting in an adequate matrix for
biomolecule adhesion [2,7–9].

Scaffolds promote cell growth and differentiation, resulting in tissue healing. Based
on their type, scaffold biomaterials can be categorized in natural-based and synthetic-based
polymers, ceramics, hydrogels, and bioactive glasses [9,10].

The latest generation of scaffolds can induce specific cellular responses: adhesion,
differentiation, and proliferation. In order to improve tissue response and intensify the re-
generative capability scaffolds were combined with growth factors and bioactive molecules.
They are used to provide an extracellular matrix, an attachment site, or 3D support for
regenerative cells, as well as a template for tissue regeneration [1,2,11].

Smart scaffolds, which incorporate bioactive molecules and nanoparticles, with tai-
lored physical and chemical properties, aim to improve the interactions with cells by
enhancing the osteogenic differentiation and generate a better response to the surround-
ing environment. Providing a proper microenvironment that ensures cell adhesion and
differentiation is the ultimate goal [12–14].

Platelet-rich fibrin is a biomaterial scaffold with trapped platelets and leukocytes
aimed to accelerate musculoskeletal tissue recovery by providing a binding site for platelets
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Coatings 2022, 12, 797

and growth factors [15,16]. It promotes tissue regeneration and reduces healing time
by increasing the local concentration of growth factors, and has been frequently used
in combination with bone graft materials in maxillofacial and orthopaedic surgery and
sports-related injuries [17–23]. It has excellent handling characteristics, and can be firmly
sutured in an anatomically desired location during open surgery [24–26].

The additive manufacturing (3D printing) of biomaterials launched a new perspective
for the field of biomedical engineering, considering its patient-specific clinical applications.
Scaffolds are now being fabricated using 3D bioprinting methods and progress has been
made in 3D printing of biocompatible materials, seed cells, and supporting components
into functional living tissue [1,2,27].

Based on layer-by-layer precise positioning of biological constituents, biochemicals
and living cells, this novel technology facilitates the printing of cells, tissues, and organs
for regenerative medicine purposes, enabling the manufacturing of tissue-engineered
constructs with tailored structures and properties [1,28–32].

Coatings play an important role in achieving the most crucial properties of biomaterials
by surface modification, making them suitable for medical and oral applications. The
application of coatings onto medical devices is quite vast, ranging from implantable to
non-implantable medical devices, from orthopedic prostheses to dental implants, including
hydroxyapatite (which enhances cell attachment onto orthopaedic implants), antimicrobial
silver coatings on catheters, drug-eluting coatings on stents, and blood-compatible coatings
(such as heparin). The protective medical coating of prosthetic device surfaces results in
healing stimulation; meanwhile, porous bioactive coatings make implants far better suited
to bone tissue interaction. The coating of scaffolds with stem or differentiated cells is a
complex and novel method used in the field of regenerative medicine [2,33].

Among the different methods used to deposit coatings, plasma spraying, dipping, and
spin coating are quite usual. Meanwhile, recently developed techniques such as laser, low-
temperature atmospheric plasmas, and microblasting have been used for the deposition of
bioactive coatings [34–36].

This Special Issue aims to provide a forum for researchers to share current research
findings to promote further research and provide an updated outlook on the applications
of biomaterials and coatings in medicine and dentistry, as well as presenting innovative
manufacturing technologies.
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Characteristics of Chitosan–Nanosilver Composite Coatings on a Nanotubular TiO2 Layer. Coatings 2020, 10, 245. [CrossRef]

3



Review

Exploring the Role of Nanoparticles in Dental Materials:
A Comprehensive Review
Rim Bourgi 1,2,*,†, Zahra Doumandji 3,†, Carlos Enrique Cuevas-Suárez 4, Teissir Ben Ammar 2, Chloé Laporte 2,3,5,
Naji Kharouf 2,5 and Youssef Haikel 2,3,5

1 Department of Restorative Dentistry, School of Dentistry, Saint-Joseph University, Beirut 1107 2180, Lebanon
2 Department of Biomaterials and Bioengineering, INSERM UMR_S 1121, University of Strasbourg,

67000 Strasbourg, France; tbenammar@unistra.fr (T.B.A.); chloelaporte9@gmail.com (C.L.);
dentistenajikharouf@gmail.com (N.K.); youssef.haikel@unistra.fr (Y.H.)

3 Pôle de Médecine et Chirurgie Bucco-Dentaire, Hôpital Civil, Hôpitaux Universitaire de Strasbourg,
67000 Strasbourg, France; yasmine.doumandji@etu.unistra.fr

4 Dental Materials Laboratory, Academic Area of Dentistry, Autonomous University of Hidalgo State,
San Agustín Tlaxiaca 42160, Mexico; cecuevas@uaeh.edu.mx

5 Department of Endodontics and Conservative Dentistry, Faculty of Dental Medicine, University of
Strasbourg, 67000 Strasbourg, France

* Correspondence: rim.bourgi@net.usj.edu.lb or rim.bourgi@etu.unistra.fr or rim.bourgi@hotmail.com;
Tel.: +96-171455529

† These authors contributed equally to this work.

Abstract: In recent decades, the integration of nanotechnology into dentistry has led to
groundbreaking advancements in dental materials and applications. This article explores
the role of nanoparticles (NPs) in modern dentistry, highlighting their definitions, unique
properties, and various applications. The introduction establishes the significance of nan-
otechnology in dental health care, emphasizing the potential of NPs to transform traditional
practices. The overview includes a discussion of the fundamental properties of NPs, which
contribute to their effectiveness in dental applications. The article categorizes NPs into
three main groups: antimicrobial, therapeutic, and material property-improving NPs, de-
tailing their clinical uses and mechanisms of action. Furthermore, it addresses current
innovations in dental products incorporating NPs and examines emerging trends in the
field. The research for this review was conducted using high-quality, peer-reviewed scien-
tific databases, including PubMed, Scopus, Web of Science, and Google Scholar, with no
time restriction as an inclusion criterion. These databases were selected for their credibility
and comprehensive collections of relevant studies. In conclusion, NPs represent a promis-
ing avenue for innovation in dental materials and therapeutics. Their unique properties
enable the development of enhanced antimicrobial agents, effective drug delivery systems,
and improved material performance. However, the risks associated with cytotoxicity and
stability must be carefully managed to ensure safe and effective use. Ongoing research is
essential to fully understand and optimize the applications of NPs in dentistry, balancing
their benefits against potential health risks. As the field advances, the integration of NPs
into clinical practice will likely revolutionize approaches to dental care and treatment.

Keywords: dentistry; multifunction nanoparticle; nanomaterials; nanoparticles; nanoscience;
nanotechnology

1. Introduction
Nanotechnology has emerged as one of the most dynamic fields of research in recent

decades, particularly within the realm of health sciences [1]. Maintaining oral health

Coatings 2025, 15, 33 https://doi.org/10.3390/coatings15010033
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presents significant challenges in dentistry. Various materials have been employed to
address different dental conditions; however, the success of these treatments is often
constrained by the properties of the biomaterials used. To address these limitations, the
incorporation of nanoparticles (NPs) into dental applications offers promising solutions in
fields such as endodontics, periodontics, tissue engineering, oral surgery, and imaging [2–
5].

NPs, defined as ultrafine units with dimensions ranging from 1 to 100 nm, exhibit
unique physical, chemical, mechanical, and biological properties that distinguish them
from macro materials [6]. Their small size contributes to a high surface-to-volume ratio,
enhancing their reactivity and allowing for novel applications across various fields, in-
cluding medicine, engineering, and environmental remediation [7]. Within the dental
sector, the integration of NPs has catalyzed significant advancements in dental materials
and practices.

Prior research has highlighted the diverse applications of NPs in dentistry, encompass-
ing areas such as tissue regeneration, antimicrobial strategies, and enhancement of material
properties [8]. NPs can be categorized into several types based on their origin—natural or
synthetic—and composition, including organic (e.g., dendrimers, liposomes) and inorganic
(e.g., metal or metal oxide-based) [9]. While many NPs possess advantageous characteris-
tics such as biocompatibility, chemical reactivity, and mechanical strength [10], not all NPs
are inherently biocompatible. For instance, certain plate-like structures can pose risks to
human health due to their cytotoxic or inflammatory potential. This underscores the need
for careful evaluation and selection of NPs to ensure their safe use in dental applications.

In restorative dentistry, NPs are incorporated into composites to enhance mechanical
strength, reduce shrinkage, and improve aesthetics [11]. Antimicrobial NPs, such as
silver and zinc oxide (ZnO), are used to inhibit bacterial growth, thus reducing the risk
of infections [12]. Additionally, NPs are instrumental in endodontics, where they are
employed for tissue regeneration, drug delivery systems, and the effective elimination of
biofilms and bacteria, ultimately aiming to improve overall oral health [13].

In preventive dentistry, NPs like hydroxyapatite and calcium phosphate are recognized
for their ability to remineralize enamel and prevent caries [14]. Moreover, in the context
of dental implants, NPs enhance osseointegration and surface adhesion, contributing to
better treatment outcomes [15]. Recent advancements have also seen the use of NPs in
developing adhesives that reduce biofilm accumulation and promote oral health [16].

Despite the numerous advantages that NPs present, their long-term effects and po-
tential toxicity in biological systems necessitate careful consideration in both research and
clinical applications [2,17]. Regulatory challenges and safety assessments remain critical
for the integration of nanotechnology into dental practice. A thorough understanding of
the physicochemical properties of NPs and their interactions within the oral environment
is essential for optimizing their use in dentistry [2–4].

Specifically, the incorporation of NPs in dentistry not only enhances the efficacy
of treatments but also holds the potential to revolutionize patient care by promoting
personalized and targeted therapeutic strategies. For instance, with advancements in drug
delivery systems utilizing NPs, there is the capability to deliver medications directly to the
site of action, thus minimizing systemic exposure and side effects. This targeted approach
could improve the effectiveness of treatments for conditions such as periodontal disease
and oral cancer [18,19]. Furthermore, the multifunctional nature of NPs allows for the
simultaneous delivery of therapeutic agents and diagnostic imaging, paving the way for
novel applications in precision dentistry [2,20,21].

As research continues to uncover the versatile applications of NPs, their integration
into clinical practice could lead to more effective, efficient, and patient-centered care in
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the field of dentistry [2,17,22]. Thus, the objective of this comprehensive review is to
explore the role of NPs in dental materials by analyzing their properties, applications, and
innovations. This review aims to provide a thorough understanding of the current state
of knowledge regarding NPs in dentistry, identify emerging trends, and discuss potential
future applications and challenges associated with their use.

2. Overview of Nanoparticles in Dentistry
2.1. Definition of Nanoparticles

NPs are typically defined as particles with at least one dimension ranging between 1
and 100 nm, which corresponds to one billionth of a meter (1 nm = 10−9 m) [23,24]. This
definition is generally accepted across scientific disciplines, though specific regulations
or organizations may have slight variations in their interpretation of this size range [25].
NPs occupy a unique size domain, larger than individual atoms yet smaller than cells,
placing them in a category where they exhibit distinctive properties that bulk materials
lack [26]. Their high surface area, quantum effects, and enhanced chemical reactivity
provide them with unique physicochemical characteristics, such as increased mechanical
strength, conductivity, and reactivity, making them highly suitable for various applications
across industries [27].

NPs can occur naturally (e.g., volcanic ash, ocean spray, and fine dust) or be engineered
synthetically to meet specific needs [28]. Synthetic NPs are created using two primary
approaches: top-down or bottom-up methods [29]. In the top-down approach, larger bulk
materials are broken down into NPs via processes like milling or lithography. In contrast,
the bottom-up approach involves assembling NPs from atomic or molecular units through
processes like chemical vapor deposition, sol-gel synthesis, or self-assembly [30]. As a
result, NPs can exist in various forms, including powders, gels, or colloidal solutions,
and are typically tailored to specific applications based on their size, shape, and surface
properties [31–38].

Figure 1 represents the definition of NPs.
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Figure 1. Nanoparticle means a natural, incidental or manufactured material consisting of solid
particles that are present, either on their own or as identifiable constituent particles in aggregates or
agglomerates, and where 50% or more of these particles in the number-based size distribution fulfil
at least one of the following conditions presented in this figure [39].
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Figure 2 illustrates the comparative scale of NPs.
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NPs have a wide range of applications, spanning from medicine to aerospace and
cosmetics [41]. Their unique size allows them to impart properties that are otherwise
unattainable at larger scales. For instance, gold, which is chemically inert in its bulk form,
acts as an efficient catalyst at the nanoscale due to the increased surface area and altered
electronic properties [42]. However, despite these advantages, NPs also pose potential
risks to both health and the environment. Their small size enables them to penetrate
biological barriers, potentially leading to adverse effects such as cytotoxicity, oxidative
stress, and inflammation in living organisms [43,44]. Additionally, the environmental
impact of nanoparticle accumulation and their behavior in ecosystems remain critical
concerns [30,45]. Ongoing research is crucial to balance the beneficial applications of NPs
with the need to mitigate their potential risks [46].

2.2. Nanotechnology

In recent years, the primary focus of utilizing nanotechnologies in dental materials
has been to enhance mechanical properties, improve abrasion resistance, reduce shrinkage,
and optimize optical and aesthetic aspects [47]. Today, it is widely recognized that NPs
possess a broad range of indispensable properties, including bioactive and antimicrobial
characteristics [48]. Moreover, in the field of dentistry, specifically in endodontics, NPs are
employed for tissue regeneration and drug delivery. Enhancing oral health is the primary
objective, with the eradication of biofilms and bacteria using NPs at the core of ongoing
research [49].

In this context, the incorporation of NPs into certain dental treatment materials has
shown the potential to reduce biofilm accumulation, restore a safe level of oral pH, and
promote remineralization while improving the durability of the material [50].

Biofilm refers to a complex community of microorganisms, primarily bacteria, that
adhere to surfaces such as teeth or dental materials, embedded within a self-produced
extracellular matrix. This protective layer makes biofilms highly resistant to conventional
antimicrobial treatments, contributing to persistent infections, inflammation, and tooth
decay. The dangers of biofilm formation in the oral cavity include an increased risk of
periodontal disease, caries, and other oral infections. Additionally, biofilms can facilitate
bacterial resistance to antibiotics, complicating treatment efforts. Furthermore, protein
corona refers to the layer of proteins that adsorb onto the surface of NPs once they enter a
biological environment. This interaction alters the NPs’ surface properties and influences
their behavior in the body. The protein corona can affect how NPs interact with cells, tissues,
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and the immune system, potentially influencing their effectiveness and safety. Understand-
ing the protein corona is crucial for predicting the biological interactions of NPs, as it may
impact their biocompatibility and therapeutic outcomes. With an in-depth understanding
of the physical principles of nanomaterials, their chemical properties, strengths, and specific
advantages, as well as knowledge of their limitations, nanotechnology research seeks to
harness the potential of NPs to further enhance dental practices, allowing the practitioner
to overcome some of the inadequacies found in currently available products [51].

Nanotechnology can be defined as a technology that deals with small structures or
materials of very small size [52]. It is the science of designing, manufacturing, and applying
products at the molecular level, continually developing more efficient materials through
the unique properties permitted by the nanoscale. Nanoscience involves the exploration
of NPs to understand their implications on a macroscopic scale. As such, nanotechnology
builds upon the principles established by nanoscience.

Nanotechnology and nanoscience have proven highly effective for applications in the
biological sciences, giving rise to the concept of nanobiotechnology. This emerging field
represents a distinct and specialized scientific domain, integrating methods, techniques,
and protocols from diverse disciplines such as nanotechnology, biology, and biochemistry.
This convergence has led to the development of unique and innovative methodologies and
materials [53].

Similarly, NPs’ ability to penetrate cellular membranes and interact with cellular
organelles enables them to induce specific effects, which may contribute to cytotoxicity and
inflammation [53,54]. Consequently, nanostructures play a key role in the development of
drug delivery systems, contrast agents, photothermal phenomena, and medical imaging
techniques [55].

In dental surgery, the applications of nanotechnology are vast, ranging from diagnos-
tics and prevention to treatment materials across different specialties, including endodon-
tics, restorative care, periodontics, aesthetics, and even implantology [56].

However, although nanoscience and nanotechnology represent rapidly growing and
intrinsically interesting scientific and technological fields, the addition of the “nano” prefix
does not always guarantee better quality. Sometimes, this prefix is used to market dental
products without sufficient clinical evidence proving that the nanometric version of a
material is significantly superior to its conventional counterpart. Nonetheless, it seems that
adding the “nano” prefix can boost sales, suggesting that the motive may sometimes be
purely commercial [51].

2.3. Design of Nanoparticles

A variety of synthesis approaches for NPs have been developed, which can be cate-
gorized into either the top-down or bottom-up methods, as illustrated in Figure 3. These
techniques allow for precise control over the size, shape, and surface properties of the NPs,
contributing to their diverse applications in various fields [57–59].

2.3.1. Top-Down Approach

In the top-down approach, also known as the “descending method,” nanoparticle de-
sign begins with bulk materials or larger structures that are gradually reduced to nanoscale
dimensions. This method employs advanced miniaturization techniques to transform
larger materials into NPs with tailored properties. Techniques such as ultrasonication,
laser ablation, thermal decomposition, lithography, ion etching, and mechanical milling
are commonly used to break down bulk materials into nanoscale particles [60–62]. These
methods, particularly mechanical grinding and mechano-synthesis rely on the application
of high energy or pressure [61,63].
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For instance, mechanical milling and ball milling are effective techniques among the
top-down approaches that can reduce particle dimensions to the nanoscale range (typically
in the 1–5-micron range) through grinding or shearing [62,63]. While these techniques
may not always produce NPs in the strictest sense (e.g., sub-100 nm sizes), they remain
important for achieving controlled particle sizes and are commonly used for large-scale
production, providing consistent and reproducible results, which are crucial for industrial
and commercial applications, as noted by Ahmed et al. [62].

Furthermore, the top-down approach offers precise control over the size, shape, and
surface properties of the NPs, which is beneficial for various fields, including biotechnology,
materials science, and pharmaceuticals. However, one potential limitation of the top-down
method, apart from the price, is the possible generation of defects during the milling or
etching processes, which can impact the quality of the NPs produced [64].
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2.3.2. Bottom-Up Approach

The bottom-up approach, widely used in research centers and nanoscience labora-
tories, involves synthesizing NPs by accumulating materials from atoms to aggregates,
gradually forming nanoscale structures through chemical and biological processes [65].
Methods such as photochemical reduction, chemical precipitation, microemulsion, micro-
bial reduction, and hydrothermal methods are commonly employed in the synthesis of
NPs. Both approaches have distinct advantages and drawbacks. The bottom-up method
offers significant flexibility in terms of control and diversity of nanoparticle structures,
while the top-down approach is more suited for large-scale production, though controlling
the particle size can be more challenging. The bottom-up approach predominantly relies
on chemical and physical processes, whereas the top-down method favors mechanical
processes [61].
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3. Properties of Nanoparticles
The properties of NPs are summarized in Figure 4.
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3.1. Morphological Properties
3.1.1. Size

The properties of NPs are often influenced by their morphological characteristics,
which have garnered significant interest. Various techniques are available to characterize
the size and morphology of NPs, but transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) are the most commonly used methods [66].

Several studies have evaluated the biodistribution of NPs of varying sizes in the
human body following exposure [66,67]. For instance, Sonavane et al. [66] intravenously
injected NPs ranging from 15 to 200 nm and observed that the accumulation of NPs in
tissues such as the liver, lungs, spleen, and kidneys depended on their size. The smaller
NPs were able to cross the blood–brain barrier [66,67].

It has also been demonstrated that the size of NPs affects their clearance from circula-
tion. Particles with diameters smaller than 5–6 nm are rapidly cleared by the kidneys, while
larger particles (over 200 nm) are more efficiently removed by the liver and spleen [68].
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Larger particles, particularly those exceeding 100 nm, are cleared by the mononuclear
phagocyte system (MPS), which is mainly facilitated by hepatic, splenic, and bone marrow
cells [69,70].

The cytotoxicity of NPs is also closely linked to their size, with smaller NPs generally
being more toxic. This was demonstrated by Gao et al. [71] who compared the cellular
response to exposure to NPs with diameters of 8 nm and 37 nm. The results indicated
that the toxicity was significantly higher after cellular exposure to the 8 nm NPs. The
biodistribution of NPs can be clearly seen in Figure 5.
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3.1.2. Shapes of Nanoparticles

The size of NPs is the primary determinant of their absorption by macrophages;
however, their shape also significantly contributes to regulating this absorption. NPs can
have different forms:

One-dimensional (1D) NPs include nanotubes, nanowires, and nanofilaments.
Two-dimensional (2D) NPs are found as sheets or disks.
Three-dimensional (3D) NPs can take non-spherical shapes [73].

3.1.3. Interaction with Macrophages

When these non-spherical NPs interact with macrophages, the initial contact angle
(CA) plays a crucial role in determining the internalization rate [73,74]. NPs that align
with their major axis parallel to the cell membrane are internalized more slowly than
those aligned with their minor axis. Furthermore, filamentous NPs are internalized more
rapidly when they are perpendicular to the cellular axis (θ = 90◦). The internalization rate
decreases when NPs are tangential to the macrophage membrane. For spherical NPs, the
internalization rate is independent of the angle (θ) due to their symmetrical nature [72–75]
(Figure 6).
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3.1.4. Structural Characterization of Nanoparticles

The structural characterization of NPs is crucial before any compositional study, as it
provides essential information about the overall properties of the material being studied.
Various methods exist for evaluating the shape of NPs, including the following:

• X-ray diffraction (XRD);
• Energy dispersive X-ray spectroscopy (EDX);
• X-ray photoelectron spectroscopy (XPS);
• Infrared spectroscopy (IR);
• Raman spectroscopy;
• Brunauer–Emmett–Teller (BET) surface analysis;
• Zetasizer analysis;
• TEM;
• SEM.

Certain types of NPs can induce toxicity, which, in some cases, is related to the shape
of the particles. In this regard, Auclair and Gagné demonstrated that silver NPs (AgNPs)
exhibit cytotoxicity depending on their morphology. Their study evaluated the toxicity
of three distinct shapes (spherical, cubic, and prismatic) of AgNPs on Hydra vulgaris. To
focus on morphology-related effects, the NPs were kept within the same size range and
had identical surface coatings. Shape-dependent toxicity was observed, with spherical
AgNPs being the most toxic, followed by prismatic AgNPs, while no significant toxicity
was detected with cubic AgNPs [76].

Similarly, Champion and Mitragotri compared various shapes of polymeric NPs and
concluded that elongated particles with a higher length-to-width ratio are less likely to be
cleared by the immune system. Furthermore, elongated particles exhibited longer blood
circulation times and avoided phagocytosis, depending on the CA when interacting with
macrophages [77,78].

3.1.5. Specific Surface Area

Due to their minute size, NPs possess a large surface area, a characteristic that offers
a wide range of applications. Consequently, measuring the surface area of nanomaterials
would enhance the understanding of their properties, behaviors, and potential hazards.
The BET method is considered the paramount technique for determining the surface area of
particulate materials. This technique relies on the principles of adsorption and desorption,
as well as the BET theorem.

It has been reported that, at equal unit mass, smaller NPs allow more particles and a
larger surface area to participate in biological actions compared to larger particles, which
could be the source of their more significant toxic effects. Lu et al. [79] injected silica
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particles of 30, 70, and 300 nm into mice intravenously at different doses. The results
showed that when the surfaces of the injected particles were similar, despite the differing
number of particles, the extent of hepatic lesions was also similar. This indicates that while
the number of particles may exert some influence on in vivo toxicity, surface area could be
a more critical factor for toxicity in both nanometric and micrometric particles. Supporting
conclusions were drawn from the study by Nemmar et al. [80], which revealed that vascular
homeostasis alteration was more pronounced in the group treated with 50 nm NPs than in
the group treated with 500 nm particles after intraperitoneal administration. The authors
attributed this to the high surface-to-volume ratio, which decreases inversely with size and
favors biological interactions, leading to superior vascular and systemic toxicity [81–84].

3.2. Chemical Properties
3.2.1. Charge

The surface charge is often measured as the zeta potential (ξ), which is quantified
using a Zetasizer. Several studies indicate that surface charge determines the fate of NPs.
Surface charge plays a crucial role in the stability of particles and directly influences their
level of toxicity. In fact, positively charged NPs exhibit a higher affinity for cell membranes
compared to those that are negatively charged or neutral [85,86]. It appears that the
surface characteristics of particles also play an important role regarding toxicity, as they
determine the initial direct contact with biological materials and cell surfaces, along with
their components.

It was demonstrated that gold NPs with a positive charge induce cell death through
apoptosis, while neutral gold NPs cause necrosis in human adult low calcium temperature
(HaCaT) cell lines [87]. It is important to note that surface charge influences the composition
of biological proteins on the surface of NPs, thereby conditioning all subsequent chemical
and biochemical interactions [88].

3.2.2. (Bio)Chemical Surface

The chemical or biochemical surface of NPs is formed upon their interaction with
biological materials. As a result, NPs become coated with a diverse array of proteins,
collectively known as the “protein corona”. This corona can significantly modify the
properties of NPs by obscuring their inherent surface characteristics [89,90]. Furthermore,
it has been established that the duration of exposure in the bloodstream is a critical factor
that influences the biomolecular composition of NPs. The novel properties imparted to NPs
by the corona also become a primary determinant of their nanotoxicity and/or therapeutic
efficacy within the body [91]. To date, considerable research has focused on elucidating
the composition and biological implications of the protein corona [92]. A comprehensive
understanding of NP–protein interactions is vital for the advancement of targeted delivery
systems for nanomaterials in healthcare [93].

Extensive studies have been conducted to investigate the formation of protein coronas
on various forms of NPs [94,95]. These investigations have revealed that multiple factors
can significantly affect the thickness and composition of protein coronas. These factors
include the physicochemical properties of NPs, such as surface chemistry, charge, size,
shape, solubility, protein binding affinities, and exposure duration [89,96,97].

3.2.3. Biocompatibility

The concept of biocompatibility is based on the appropriate interaction between a
material and its biological environment, characterized by the absence of toxic or immune
responses from the treated biomaterial (cell, tissue, or organism) [98,99]. Biocompatibility
is often described as the ability of a specific material or device to be compatible with living
tissue or organisms. It is achieved when the interaction between the nanomaterial and the
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host does not lead to undesirable outcomes, such as oxidative stress, Deoxyribonucleic Acid
(DNA) damage, mutagenesis, or apoptosis [100,101]. Cytotoxicity is generally linked to
adverse effects on a specific cell line and is typically assessed first through specific in vitro
tests, followed by in vivo evaluations. In practice, cytotoxicity and biocompatibility are
influenced by several factors, including the inherent physicochemical properties of the NPs
and their delivery methods within the body [102].

There are surface modification methods available for NPs aimed at optimizing their
biocompatibility. The surfaces of most NPs can be functionalized with polymer linkers,
hybridized DNA, proteins, cell membranes, or inorganic chemicals such as metals and
ceramic coatings [103]. However, the role of surface coatings remains unclear to date [104].
Improving the specific interactions of different coatings and their delivery mechanisms is
still a work in progress [72,105].

3.2.4. Stability

The term “stability of NPs” refers to the preservation of specific properties of a nanos-
tructure, such as size, surface chemistry, aggregation, and shape. This stability is maintained
only for a limited period, as all nanostructures are intrinsically thermodynamically and
energetically unfavorable compared to larger structures with the same chemical composi-
tion [106].

The nature and concentration of reducing and stabilizing agents significantly influence
the size distribution and shape of NPs during their synthesis, largely determining their
functional properties. Widoniak et al. [107] described the preparation of colloidal silver
solutions with average sizes ranging from 1 nm to 6 µm and various shapes (spheres,
plates, needles, or sheets) through the reduction of silver ions using different reducing
agents and various polymeric stabilizing agents. The control of nanoparticle shape and
size distribution can also be achieved by carefully adjusting other experimental condi-
tions, such as temperature, stirring speed, agitation, and reaction time [108]. Some studies
have indicated that the stability of NPs could be preserved long-term when stored un-
der standard conditions: at room temperature, protected from light, and shielded from
humidity [109,110].

Surface modification of NPs can also effectively maintain their stability [111,112].
Encapsulation provides complex protection for the payload core and allows for modula-
tion of cytotoxicity, as demonstrated by the work of Lv et al. [113]. The encapsulation of
therapeutic gold NPs in hydrogel nanospheres led to increased stability and enhanced cel-
lular uptake efficiency while significantly reducing oxidative stress levels in mesenchymal
stem cells.

3.3. Magnetic Properties
3.3.1. Targeting

The majority of NPs exhibit magnetic properties, providing significant advantages.
These properties allow for selective attachment to functional molecules, impart magnetic
characteristics to the target, and facilitate manipulation and transportation to a desired
location through the control of a magnetic field produced by an electromagnet or permanent
magnet. Magnetic nanoparticle carriers consist of three functional components: a magnetic
core, a surface coating, and a functionalized outer layer [114].

Targeting capability is a crucial aspect of various nanoparticle applications. Specifi-
cally, metallic NPs can direct therapeutic agents to specific sites within the body, thereby
enhancing the efficacy of medical treatments [115].
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3.3.2. Optical Properties

The optical properties of metallic NPs are largely influenced by the collective excitation
of conduction electrons when interacting with electromagnetic radiation. This behavior is
particularly evident in NPs made of gold, silver, and copper, owing to their conduction
electron availability. When the electric field from the incident radiation interacts with these
particles, it generates an electric dipole, leading to a force that counteracts this effect at a
specific resonance frequency. Notably, the optical characteristics are influenced by the size,
shape, and composition of the NPs [116–118].

4. Categories of Nanoparticles in Dental Applications
4.1. Antimicrobial Nanoparticles
4.1.1. Types (e.g., Silver, Zinc Oxide)

Antimicrobial NPs are increasingly utilized in dentistry to combat microbial infections.
The most prominent types include the following:

• AgNPs: These are widely recognized for their broad-spectrum antimicrobial activity.
They disrupt bacterial cell walls, interfere with metabolic processes, and can generate
reactive oxygen species (ROS) that are harmful to microbial cells [119,120].

• ZnO NPs: ZnO NPs exhibit antibacterial properties by producing ROS and direct
interaction with bacterial membranes, leading to cell death [121,122]. They also promote
wound healing and have biocompatibility, making them suitable for dental applications.

4.1.2. Mechanisms of Action and Applications in Preventing Infections

The mechanisms of action for antimicrobial NPs typically involve the following:

• Membrane disruption: antimicrobial NPs can bind to the microbial cell membrane,
leading to structural damage and eventual cell lysis.

• ROS: NPs like silver and ZnO can induce oxidative stress within microbial cells,
resulting in DNA damage and apoptosis [123,124].

In dental applications, antimicrobial NPs are employed in various products:

• Dental cements: incorporation of AgNPs and ZnO NPs enhances the antimicrobial
properties of dental cements, reducing the risk of secondary infections.

• Composite resins: these NPs are added to restorative materials to prevent biofilm
formation on dental surfaces [125,126].

4.2. Therapeutic Nanoparticles
Drug Delivery Systems and Their Role in Pain Management and Healing

Therapeutic NPs play a crucial role in the targeted delivery of drugs, improving the
effectiveness and reducing the side effects of treatments. Key features include the following:

• Enhanced bioavailability: NPs improve the solubility and stability of therapeutic
agents, allowing for lower doses and minimizing systemic toxicity [127].

• Controlled release: NPs can be engineered to release drugs at a controlled rate, provid-
ing sustained therapeutic effects over time [128].

• Pain management: for dental procedures, therapeutic NPs can deliver analgesics
directly to the site of pain, enhancing pain relief while minimizing the need for
systemic medication [129].

4.3. Material Property-Improving Nanoparticles

Enhancements in Mechanical Strength, Wear Resistance, and Aesthetics of Dental
Materials

NPs are incorporated into dental materials to improve their physical properties:
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• Mechanical strength: NPs such as silica and alumina can significantly enhance the
mechanical strength of composite resins and dental cements, making them more
durable under occlusal forces [130].

• Wear resistance: the addition of ceramic NPs improves the wear resistance of restora-
tive materials, prolonging their lifespan and maintaining their functionality [131].

• Aesthetics: NPs can improve the optical properties of dental materials, providing better
color matching and translucency, which is critical for aesthetic restorations [132,133].

5. Current Applications and Innovations
5.1. Dental Products Incorporating Nanoparticles
5.1.1. Dental Composites

Modern dental composites integrate NPs like nanosilica to improve filler content,
which enhances wear resistance, reduces polymerization shrinkage, and increases the
composite’s aesthetic quality and mechanical durability. These modifications result in more
durable restorations, with reduced wear and cracking over time [134]. The incorporation
of NPs also optimizes translucency, allowing composites to better mimic the appearance of
natural teeth and improving their longevity and color stability [134,135]. In recent years,
the integration of NPs into dental materials has significantly enhanced their mechanical
properties. For instance, the incorporation of graphene platelets into epoxy nanocomposites
has led to an increase in Young’s modulus and an improvement in tensile strength compared
to pristine epoxy. Similarly, the addition of nanosilica particles to cementitious composites
reinforced with polyvinyl alcohol fibers has resulted in a 38% increase in tensile strength.
These findings underscore the substantial impact of NPs on enhancing the mechanical
performance of dental materials [136,137].

5.1.2. Antimicrobial Agents

AgNPs are commonly incorporated into dental materials like sealants, adhesives,
and cements due to their antimicrobial capabilities, which help prevent biofilm formation,
reduce bacterial colonization, and mitigate the risk of secondary infections [135,138]. These
materials release Ag ions that interact with bacterial membranes, leading to cellular damage
and limiting microbial growth [139]. ZnO NPs, another common antimicrobial nanoparticle,
exhibit ROS generation, directly inhibiting bacterial activity and offering biocompatibility
suitable for dental applications [140,141].

5.1.3. Endodontic Materials

In endodontics, NPs such as ZnO NPs and AgNPs are used in root canal sealers to
enhance antibacterial effects, reduce leakage, and improve sealing properties essential for
successful long-term outcomes. ZnO NPs, in particular, are known to target endodontic
pathogens like Enterococcus faecalis, offering improved healing post procedure. The addition
of ZnO NPs into root canal sealers has been shown to enhance antibacterial activity while
maintaining biocompatibility with surrounding tissues, which helps in the prevention of
reinfection and improves the overall success rate of endodontic treatments [142,143].

5.1.4. Dental Implants

Nanotechnology has significantly advanced dental implant surfaces, with nanocoat-
ings applied to titanium and other metals to promote osseointegration and reduce infection
risks. Nanostructured surfaces on implants enhance cell attachment, bone growth, and
implant stability, thereby improving overall success rates and reducing healing times [144].
Titanium dioxide (TiO2) NPs have shown promising results in creating antibacterial sur-
faces, reducing biofilm formation, and enhancing biocompatibility [145,146]. These modifi-
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cations contribute to a faster healing process and lower rejection rates. The introduction
of nanostructures to implant surfaces has been found to increase surface roughness at the
nanoscale level, facilitating improved bone formation and promoting direct bone–implant
contact, which is crucial for implant stability [2–4].

5.1.5. Amalgam

While dental amalgam is traditionally a blend of mercury with silver, tin, copper,
and zinc, recent research has explored the addition of NPs like silver–copper and TiO2 to
improve the amalgam’s properties. These enhancements have demonstrated improved
antimicrobial activity, reduced cytotoxicity, and increased strength, making amalgam
restorations safer and more effective. For example, the incorporation of TiO2 NPs into
dental amalgams has demonstrated the potential for reducing mercury content, improving
the material’s resistance to corrosion, and enhancing its overall durability [147,148].

5.1.6. Glass Ionomer Cements (GICs)

NPs such as chitosan, hydroxyapatite, TiO2, silicone dioxide (SiO2), and zirconia (ZrO2)
are added to GICs to enhance aesthetics, bond strength, and antimicrobial properties. In
resin-modified GICs, fluoroaluminosilicate NPs are widely used, and silica nanofillers
improve wear resistance and curing efficiency. Chitosan NPs increase fluoride release
and material strength, while TiO2 NPs inhibit biofilm formation and enhance physical
properties, contributing to better clinical outcomes [149]. The addition of these NPs has
shown to improve the overall longevity and functional performance of GICs, making them
more versatile in clinical dentistry [2–4].

5.1.7. Dental Prosthetics

NPs are incorporated into dental prosthetics to enhance wear resistance, aesthetic
qualities, and surface smoothness, which reduces bacterial adhesion. Nanosized fillers
improve the flexural strength and elasticity of prosthetic materials, which is critical for
enduring the stresses of mastication. ZrO2 NPs, in particular, improve toughness and
translucency, making them favorable for prosthetic frameworks and crowns [150].

In addition to their known roles, NPs are being explored for other innovative uses
in dentistry. For example, NPs have been integrated into repair resins to enhance the
mechanical properties of denture repairs, offering improved durability and resistance to
fractures [151].

5.1.8. Periodontal Applications

NPs are used in periodontal treatments to facilitate drug delivery for targeted an-
tibacterial action and tissue regeneration. Hydroxyapatite NPs, for example, support
bone regrowth and are compatible with periodontal ligament cells, promoting the repair
of periodontal defects. Additionally, silver and ZnO NPs serve as local antimicrobials,
contributing to infection control and improving healing rates in periodontal surgeries [152].
Research is also exploring the potential of nano-hydroxyapatite in repairing damaged bone
tissues and preventing periodontal disease progression [2–4].

5.1.9. Whitening Agents

NPs in whitening products are utilized for their effectiveness and reduced damage to
enamel. Carbamide peroxide polymeric NPs enhance stability and efficacy in whitening
agents, while nano-hydroxyapatite helps with remineralization and provides lasting white-
ness in oral hygiene products. Nano-encapsulated sodium metabisulfite allows for safe,
gradual whitening through liposomal enclosures, which reduces enamel erosion and sensi-
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tivity [153,154]. This application of NPs has been shown to significantly improve whitening
effects while ensuring that enamel integrity is preserved during the treatment process.

5.1.10. Enamel Repair and Remineralization

NPs have shown promising potential in enamel repair and remineralization, offering
innovative solutions to prevent and reverse early carious lesions. Among these, bioactive
glass NPs have gained attention for their ability to release ions, such as calcium and
phosphate, which are essential for remineralizing enamel surfaces. A recent study by
Raszewski et al. [155] demonstrated the efficacy of bioactive glass-infused gels in restoring
enamel mineral content in vitro, highlighting their potential as a non-invasive treatment
option for enamel demineralization. These NPs not only promote the regeneration of lost
mineral structure but also enhance the surface properties of enamel, providing added
protection against future demineralization. Such advancements position bioactive glass
NPs as a pivotal component of therapeutic strategies aimed at strengthening dental tissues
and improving overall oral health.

5.2. Highlight Recent Advancements in Nanoparticle Technology
5.2.1. Targeted Drug Delivery

Advances in targeted drug delivery systems using NPs allow for the localized release
of therapeutics in dental applications, enhancing treatment efficacy while minimizing
systemic side effects [156].

5.2.2. Smart Biomaterials

The development of smart biomaterials that respond to environmental stimuli (e.g.,
pH, temperature) is a significant innovation. These materials can release drugs in a con-
trolled manner when triggered by specific conditions in the oral environment [157].

5.2.3. Enhanced Imaging Techniques

NPs, particularly quantum dots and gold NPs, are being utilized to improve imaging
techniques such as fluorescence imaging, enhancing the visualization of dental tissues and
the detection of oral diseases [158].

6. Future Directions and Challenges
6.1. Potential Future Applications of Nanoparticles in Dentistry
6.1.1. Regenerative Dentistry

NPs may play a crucial role in regenerative approaches, such as stem cell therapy and
tissue engineering, to promote the regeneration of dental tissues and structures [159].

6.1.2. Personalized Dental Care

The integration of NPs in diagnostic tools could lead to personalized treatment plans
based on the specific needs of patients, enhancing the effectiveness of dental care [160].

6.1.3. Nanoparticle-Based Vaccines

Research into nanoparticle-based vaccines targeting oral diseases (e.g., periodontal
disease, dental caries) is promising and could revolutionize preventive dental care [161].

The incorporation of NPs in dental applications presents a wealth of opportunities to
enhance therapeutic effectiveness, improve material properties, and develop innovative
solutions for oral health. However, ongoing research is essential to address potential
challenges, including biocompatibility, safety, and regulatory hurdles [2–4].
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6.2. Consideration of Risks and Regulatory Challenges in Their Use

The cytotoxic effects of nanomaterials are primarily observed when they exist in free
form—meaning they are not integrated into the material’s structure—or when they are
released into the surrounding tissue. In dentistry, this cytotoxicity can be strategically
utilized against bacterial and fungal pathogens that are resistant to traditional antibiotic
treatments. By modifying dental sealers with NPs to impart antimicrobial properties, their
effectiveness can be significantly enhanced through molecular interactions [2–4].

In a study evaluating three different commercial endodontic sealants modified with
nanostructured silver vanadate (AgVO3), cytotoxicity assessments revealed that two
sealants, Sealer 26 and Endometasone N, exhibited cytotoxic effects both in their pure
forms and when combined with NPs. Conversely, the AH Plus sealant demonstrated
cytotoxicity only when used in conjunction with the nanomaterial, impacting the viability
of human gingival fibroblasts (HGF) as the sole tested material [162]. The mechanisms of
cytotoxicity associated with AgNPs on HGF have been further explored, illustrating the
dual nature of their therapeutic and toxic potentials [107,163].

While NPs offer a plethora of therapeutic applications, they also pose risks related
to cytotoxicity and potential immune responses. For example, magnetic NPs (MNPs) can
enhance the translucency and abrasion resistance of dental composites without introduc-
ing significant risk. However, using MNPs in free form, especially in dental adhesives
aimed at providing anti-biofilm properties or in drug delivery systems for caries and
periodontal disease management, raises concerns about triggering undesirable immune
responses [2,164].

Striking a balance between the benefits and risks associated with nanoparticle use
presents a challenge for clinicians. Despite their cytotoxic potential, MNPs often exhibit
cellular activity that is targeted, which helps to mitigate systemic toxicity. Consequently, in
recent years, the application of NPs and magnetic forces in dentistry has gained traction
for delivering drugs aimed at the prevention and treatment of dental diseases [165,166].

It is essential for future research to focus on overcoming these challenges by devel-
oping standardized testing protocols to evaluate the long-term performance and safety of
nanoparticle-based materials in clinical settings. Additionally, innovations in manufactur-
ing technologies will be crucial for producing NPs at scale while maintaining their unique
properties [167]. Future studies should also explore the synergistic effects of combining
different types of NPs (e.g., antimicrobial and material-enhancing) in a single product.
Finally, the development of regulatory frameworks to ensure the safe incorporation of NPs
in dental products will be vital for their successful commercialization. As these advance-
ments occur, the research anticipates that NPs will play an increasingly significant role in
revolutionizing dental care and treatment.

7. Conclusions
In conclusion, NPs represent a promising avenue for innovation in dental materials and

therapeutics. Their unique properties enable the development of enhanced antimicrobial
agents, effective drug delivery systems, and improved material performance. However,
the risks associated with cytotoxicity and stability must be carefully managed to ensure
safe and effective use. Ongoing research is essential to fully understand and optimize the
applications of NPs in dentistry, balancing their benefits against potential health risks. As
the field advances, the integration of NPs into clinical practice will likely revolutionize
approaches to dental care and treatment.
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Abstract: Background: Monobond Etch & Prime (MEP; Ivoclar) has a material-dependent effect on
dental ceramics. This study evaluated the impact of MEP application time on the resin–ceramic
shear bond strength (SBS) of lithium disilicate (LD) and advanced lithium disilicate (ALD) ceramics.
Methods: LD and ALD discs were distributed into four groups (n = 20): no surface treatment; 5%
HF etching followed by the application of a silane-containing primer (S); MEP applied for 40 s and
maintained for 20 s; MEP applied for 2 min and maintained for 40 s. Resin–ceramic SBS was evaluated
at 24 h and after thermocycling. The statistical analysis of SBS was performed by using the three-way
ANOVA and Tukey’s multiple comparisons tests. Additional ceramic samples were prepared to
assess the surface topography. Results: There was no statistically significant difference in the SBS of
the MEP groups (20 s and 2 min) and HF + S. However, only the HF + S and MEP (2 min) groups
showed durable adhesion after thermocycling. MEP resulted in less distinct surface alterations
compared with HF etching. Conclusion: Increasing the application time of MEP to 2 min resulted in
more durable resin–ceramic adhesion compared with the application time (40 s) recommended by
the manufacturer. The adhesion of resin–ceramic to LD and ALD did not significantly differ.

Keywords: ceramic; adhesion; etching; priming

1. Introduction

Several ceramic materials satisfy patients’ and dentists’ increasing expectations for es-
thetic restorations [1]. With the development of computer-assisted design (CAD)/computer-
assisted manufacturing (CAM) technology, which has improved in strength and marginal
fit, dental ceramics have become more popular as restorative materials [2]. Currently, zirco-
nia is one of the most common ceramic restorative materials, along with lithium disilicate
ceramic (LD), which has higher translucency and lower mechanical strength than zirconia.
LD is a glass-matrix ceramic that is composed of a matrix of silicon dioxide, generally silica
or quartz, in which additional crystals are incorporated. The glassy matrix alone does not
have sufficient strength to resist defects; therefore, to increase the strength and improve the
mechanical properties, dispersion strengthening is usually required [3]. Dentsply Sirona
has introduced the advanced lithium disilicate (ALD) CAD/CAM blocks, a new material
for anterior and posterior CAD/CAM-fabricated restorations. ALD ceramic is characterized
by its strength and highly esthetic nature. This type of ceramic has a better wear behavior
than lithium disilicate [4]. ALD is composed of lithium disilicate crystals incorporated
into a glassy matrix with lithium aluminosilicate [4]. LD is an etchable ceramic because
of its glass-matrix content. Hydrofluoric acid (HF) etching is recommended as a surface
treatment that can alter the surface morphology, increasing the surface roughness of LD
and rendering the LD substrate more favorable for resin adhesion [5]. However, the toxicity
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of HF is well documented and known [6,7]. In addition, considering the aggressiveness of
HF, prolonged etching might deteriorate the mechanical properties of LD restorations. HF
etching is followed by a deactivation step and/or a rinsing step. The inadequate cleaning
of the etching residue can impair resin–ceramic adhesion. Thus, several alternative ceramic
surface treatments have been attempted [8–10]. However, none of these have yielded
comparable results to HF etching. Despite the altered surface topography of HF-etched
LD, a priming step using a silane-containing primer (S) is essential to promoting bonding
between the resin cement and LD surface. Silane is a bifunctional monomer that bonds to
the ceramic surface via its silanol group and to resin cements via its methacrylate group [11].
Silane primers contain large amounts of organic solvents; thus, an efficient air-drying step
is required to evaporate such solvents [12]. Otherwise, a loose silane layer can be formed
on the LD surface, resulting in inferior bonding [13]. This drying step can be controversial
for some clinicians, particularly for restorations of complex shape and geometry [14]. In
an attempt to avoid clinical errors associated with HF etching and silane priming steps,
Monobond Etch & Prime, Ivoclar (MEP), a self-etching ceramic primer, has been introduced
as a simplified approach that combines the etching effect and silane priming capacity in one
step [13,15]. MEP is composed of a tetrabutylammonium dihydrogen trifluoride (TADF)
as an etchant, silane methacrylate, methacrylate phosphate monomer, alcohol and water
as solvents, and colorant as a pigment to enhance its visibility [16]. Several studies have
assessed the influence of MEP on adhesion to dental ceramics. It was found that the etching
(application) duration of MEP might influence the obtained resin–ceramic adhesion. Up
until now, the effect of MEP on the surface topography and adhesion of resin to advanced
LD has not been investigated yet. This study involved the evaluation of the resin–ceramic
shear bond strength (SBS) of LD and advanced LD following MEP surface treatment. The
hypothesis were as follows: (1) there would be no significant difference in SBS between
lithium disilicate and advanced lithium disilicate materials; (2) there would be no signifi-
cant differences in SBS between the use of 5% HF followed by the application of S and that
of MEP; (3) there would be no effect of increasing the application time of the self-etching
ceramic primer (MEP) on SBS; (4) there would be no significant difference in SBS before
thermocycling at 24 h and after 10 k cycles of thermocycling.

2. Materials and Methods
2.1. Specimen Preparation

Lithium disilicate and advanced lithium disilicate ceramic blocks (Table 1) were
sectioned under running water by using a low-speed prevision cutting saw (Isomet Low
Speed, Buehler, Lake Bluff, IL, USA) into a total of 168 smaller blocks (Figure 1). The
dimensions of each prepared block were approximately 6 mm × 6 mm × 3 mm. This
was followed by an ultrasonic cleaning step for 5 min in distilled water (Sonicer, Yoshida
Dental Manufacturing, Tokyo, Japan) and an air-drying step. The IPS e.max CAD and
CEREC Tessera polished blocks were sintered and glazed and then embedded in self-curing
orthodontic resin. Figure 1 shows a flowchart of the study design. The samples were
cleaned, polished under running water by using 600-grit silicon carbide polishing paper
and a grinder–polisher machine (MetaServ® 250 grinder-polisher machine; Buehler, Lake
Bluff, IL, USA) at 150 rpm, ultrasonically cleaned as described above, and air-dried.
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Table 1. The materials utilized and their composition.

Description Material Manufacturer Composition

Lithium disilicate ceramic (LD) IPS e.max CAD Ivoclar, Schaan, Liechtenstein
SiO2: 57–80%; Li2O: 11–19%; K2O: 0–13%;

P2O5: 0–11%; ZrO2: 0–8%; ZnO: 0–8%;
coloring oxides: 0–8%

Advanced lithium disilicate
ceramic (ALD) CEREC Tessera Dentsply Sirona, Charlotte,

NC, USA
Li2Si2O5: 90%; Li3PO4: 5%;

Li0.5Al0.5Si2.5O6 (virgilite): 5%

Ceramic etchant (HF) IPS ceramic etching gel Ivoclar, Schaan, Liechtenstein 5% hydrofluoric acid

Self-etching ceramic primer
(MEP)

Monobond, Etch & Prime,
Ivoclar, Schaan, Liechtenstein. Ivoclar, Schaan, Liechtenstein

Tetrabutyl ammonium dihydrogen
trifluoride, methacrylated phosphoric acid
ester, trimethoxysilylpropyl methacrylate,

alcohol, and water

Silane-containing universal
primer (S) Monobond N Ivoclar, Schaan, Liechtenstein

Ethanol, 3-trimethoxysilylpropyl
methacrylate,10-MDP, and

disulfide acrylate

Dual-cure resin cement Variolink esthetic DC Ivoclar, Schaan, Liechtenstein

Urethane dimethacrylate, methacrylate
monomers, inorganic fillers (ytterbium
trifluoride and spheroid mixed oxide),

initiators, stabilizers, and pigments
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Figure 1. Study design.

2.2. Surface Treatment

The blocks of each ceramic material were allocated to a total of four groups (n = 20 per
material) based on the following protocol:

Group 1 (NT): No surface treatment was performed.
Group 2 (HF + S): Surface treatment with 5% HF etching following the manufacturer’s

instructions. HF was applied for 20 s for LD and 30 s for ALD and rinsed thoroughly. One
coat of a silane-containing universal primer (S) was applied to the etched ceramic surface,
left to react for 1 min according to the manufacturer’s instructions, and then thoroughly
air-dried.

Group 3 (MEP 20 s + 40 s): MEP was applied following the manufacturer ‘s instructions
(rubbed for 20 s and left on the surface for 40 s), rinsed thoroughly with water, and then
air-dried for 10 s.
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Group 4 (MEP 2 min + 40 s): MEP was applied with modifications with respect to
the manufacturer’s instructions (rubbed for 2 min and left on the surface for 40 s), rinsed
thoroughly with water, and then air-dried for 10 s.

A silicon mold was used for building cylinders (3 mm in diameter and 2 mm in height)
of a dual-cure resin cement (Variolink esthetic DC, Ivoclar). While the mold was placed,
the light curing of the resin cement was performed for 1 min by using a light-curing device
(EliparTM S10; 3M ESPE, St. Paul, MN, USA) operated at an intensity of approximately
1100 mW/cm2. Additional light curing for 1 min was performed at approximately 1 mm
after the silicone mold was carefully removed. A total of 10 specimens of each group
were tested for resin–ceramic SBS at 24 h. The other 10 samples of each group were
artificially aged through 10k thermal cycles by using a thermocycler machine (THE-1100;
SD Mechatronik GmbH, Feldkirchen-Westerham, Germany). Each cycle involved fully
dipping the specimens in a distilled water bath at a temperature of 5 ± 1 ◦C for 30 s
followed by fully dipping them in another water bath at a temperature of 55 ± 1 ◦C for 30
s each, with a 5 s transfer time between the two baths.

2.3. Evaluation of Resin–Ceramic SBS

The cross-sectional area of the resin–ceramic interface was determined by using a
digital caliper with a surface area range of 3 ± 0.03 mm. A stainless steel chisel connected
to a universal testing machine (Instron 5965; Instron Corporation, Canton, MA, USA)
equipped with a load cell of 1 kN was utilized to shear the specimens at the resin–ceramic
interface until failure. The cross-speed was 0.5 mm/min. SBS was obtained by diving
the load reported at specimen failure by the premeasured resin cement cross-sectional
surface area.

2.4. Failure Mode Analysis

All the tested specimens were investigated by using a digital microscope (Hirox Co.,
Ltd., Tokyo, Japan) at ×50 magnification to determine the failure mode patterns that had
occurred. The failure modes were classified as adhesive (type 1), with specimen failure
(debonding) at the resin–ceramic interface; cohesive in the ceramic (type 2), in which the
failure (fracture) had occurred within the ceramic material (substrate) with no adhesive
failure; cohesive in the resin cement (type 3), with whole specimen failure (fractured)
within the resin cement build-up with no adhesive failure; and mixed failure (type 4),
which combined both adhesive and cohesive failure. Samples that presented failure before
testing (pre-test failures) were recorded and accounted as 0 MPa in the statistical analysis.

2.5. Statistical Analysis

The SBS values were checked for data normality by using the Shapiro–Wilk statistical
test. The effect of the three independent variables identified (ceramic material, surface
treatment, and thermocycling), as well as their interactions, on resin–ceramic SBS was sta-
tistically analyzed by using three-way analysis of variance (ANOVA) test. Further, Tukey’s
multiple comparisons test was used for the inter-group comparisons. The distribution of
failure modes among the groups was determined by using a chi-squared test.

2.6. Assessment of Surface Topography

Additional ceramic samples were prepared and treated as described for SBS evaluation
except for the silane priming step. Ceramic samples were cleaned and then dehydrated
in ascending concentrations of ethanol. Dried ceramic samples were fixed on the sample
stub with the treated surface facing upwards and then sputter-coated with gold by using a
sputter coater (Q150RS; Quorum Technologies, Laughton, East Sussex, UK). The ceramic
samples were observed by using a scanning electron microscope (SEM) (EVO LS10; Carl
Zeiss SMT, Cambridge, UK) at 10,000× magnification operated at 15 kV EHT voltage.
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3. Results
3.1. SBS

The SBS data showed a normal distribution (p > 0.05). The SBS results are illustrated
in Figure 2. The results of the three-way ANOVA are illustrated in Table 2.
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Figure 2. Bar chart of mean and standard deviation of resin–ceramic shear bond strength (SBS)
following different surface treatments of lithium disilicate (LD) and advanced lithium disilicate
(ALD) ceramics. Different letters indicate statistically significant differences between the groups. *
indicates a statistically significant difference between immediate (24 h) and aged (TC) bond strength.

Table 2. Results of three-way analysis of variance (ANOVA) statistical analysis.

Variable p-Value

Ceramic material 0.587

Surface treatment 0.000 *

Thermocycling 0.000 *

Ceramic material × surface treatment 0.818

Ceramic material × thermocycling 0.554

Surface treatment × thermocycling 0.583

Ceramic material × surface treatment × thermocycling 0.720
* indicates a statistically significant difference.

There was no significant difference in SBS between lithium disilicate and advanced
lithium disilicate materials in all surface treatment groups at 24 h and after thermocycling
(p-value = 0.587). However, there was a statistical difference among different surface treat-
ments and different storage conditions (24 h vs. 10k thermocycling) (p-value = 0.000). The
interactions among study factors (material, surface treatment, and thermocycling) were tested,
which showed that there were no interactions among the test factors. When comparing surface
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treatments, both MEP and HF + S (groups 2, 3, and 4) presented significantly increased SBS
compared with group 1 (no surface treatment) at 24 h and after thermocycling (p-value = 0.000).
However, HF + S showed comparable SBS to MEP in both materials (p-value > 0.05). Group 4
(MEP 2 min + 40 s) showed relatively higher SBS than group 3 (MEP 20 s + 40 s) in both mate-
rials, regardless of the evaluation time; however, the difference was not statically significant
(p-value > 0.05). Regarding the storage condition, thermocycling significantly decreased SBS
for most of the surface treatment groups (p < 0.05), but in group 2 and group 4, the difference
was not statistically significant (p > 0.05) for both materials.

3.2. Failure Mode Analysis

The distribution of failure modes in terms of frequency and percentage is shown in
Table 3. Cohesive failure within resin (Figure 3B) and mixed failures (Figure 3C) were
the most common among surface treatment groups, whereas the adhesive failure type
(Figure 3A) and pre-test failure were most common in the control group (group 1). However,
the failure mode cohesive in ceramic was not detected in any of the study samples. Pre-test
failures occurred in the control group.

Table 3. The distribution of failure modes among study groups.

Material Artificial
Aging

Surface
Treatment

Adhesive
(Type 1)

Cohesive in
Ceramic
(Type 2)

Cohesive in
Resin

(Type 3)

Mixed
(Type 4)

Pre-Test
Failure

LD

24 h

No treatment 9 (90%) 0 (0%) 0 (0%) 0 (0%) 1 (10%)

Hydrofluoric acid 0 (0%) 0 (0%) 8 (80%) 2 (20%) 0 (0%)

MEP 1 (10%) 0 (0%) 7 (70%) 2 (20%) 0 (0%)

MEP extended 0 (0%) 0 (0%) 7 (70%) 3 (30%) 0 (0%)

10k TC

No treatment 0 (0%) 0 (0%) 0 (0%) 0 (0%) 10 (100%)

Hydrofluoric acid 3 (30%) 0 (0%) 2 (20%) 5 (50%) 0 (0%)

MEP 1 (10%) 0 (0%) 2 (20%) 7 (70%) 0 (0%)

MEP extended 0 (0%) 0 (0%) 3 (30%) 7 (70%) 0 (0%)

ALD

24 h

No treatment 7 (70%) 0 (0%) 0 (0%) 0 (0%) 3 (30%)

Hydrofluoric acid 1 (10%) 0 (0%) 6 (60%) 3 (30%) 0 (0%)

MEP 0 (0%) 0 (0%) 7 (70%) 3 (30%) 0 (0%)

MEP extended 0 (0%) 0 (0%) 5 (50%) 5 (50%) 0 (0%)

10k TC

No treatment 0 (0%) 0 (0%) 0 (0%) 0 (0%) 10 (100%)

Hydrofluoric acid 0 (0%) 0 (0%) 3 (30%) 7 (70%) 0 (0%)

MEP 0 (0%) 0 (0%) 3 (30%) 7 (70%) 0 (0%)

MEP extended 0 (0%) 0 (0%) 6 (60%) 4 (40%) 0 (0%)

LD: lithium disilicate ceramic; ALD: advanced lithium disilicate ceramic; TC: thermocycling.
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3.3. Surface Topography

Application of either HF or MEP yielded distinct surface topographic changes in
both the ceramic materials compared with no treatment, which showed a smooth, more
homogenous surface texture without any craters or pits in all ceramic materials (Figure 4). A
more prominent etching pattern with micro-porosities, grooves, and striations was observed
with HF application due to the dissolution of the slightly larger vitreous matrix in both
materials compared with the MEP surface treatment in both groups 3 and 4, which showed
a milder etching pattern and limited change in roughness. Increasing the application time
to 2 min in group 4 (MEP 2 min +40 s) led to an increase in micro-porosities on the ceramic
surface and more topographic changes, resulting in a slightly more prominent etching
pattern compared with group 3 (MEP 20 s+ 40 s).
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Figure 4. Representative SEM micrographs (10,000×) of lithium disilicate and advanced lithium
disilicate: (a,e) control (no treatment); (b,f) hydrofluoric acid etching; (c,g) Monobond Etch & Prime
(MEP) applied following the manufacturer’s instructions (rubbed for 20 s and left on ceramic surface
for 40 s); (d,h) MEP extended application time (rubbed for 2 min and left on ceramic surface for 40 s).
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4. Discussion

This laboratory study tested the impact of MEP and HF on the surface topography
and resin–ceramic adhesion of two ceramic materials. Although the correlation between
adhesion strength studies and clinical performance of ceramic restorations is still debat-
able, in vitro studies can provide a reliable evaluation of new adhesive systems and/or
techniques using standardized testing conditions that cannot be provided by clinical stud-
ies [17]. The SBS test utilized in this study has been extensively used due to uncomplicated
specimen preparation. In addition, bonded resin–ceramic specimens do not necessitate
additional preparation, i.e., micro-sectioning, which might influence the resin–ceramic in-
terface. However, this method might be associated with inhomogeneous stress distribution
at the resin–ceramic interface [18]. A dual-cure resin cement was applied to the ceramic
materials in all the study groups. Although constructing the resin cement cylinders might
not be the main clinical application of the resin cement used, this study followed the proto-
col applied in previous similar studies [19,20]. The SBS results of the current study showed
no statistically significant differences between the two ceramic materials tested. Thus,
the first null hypothesis of this study was accepted. This can be explained by the similar
amount of glassy matrix in both ceramic materials which reacts with the ceramic etchant
(HF) or MEP. Different surface treatments, including MEP and HF, followed by S priming
were evaluated in this study. The second null hypothesis was accepted, since there was
no statistically significant difference between the experimental groups (HF +S and MEP).
Resin–ceramic adhesion relies on two main aspects. First, micromechanical retention of
resin-based cement or inside micro irregularities created by the dissolution of silica matrix.
Second, a chemical bond (adhesion) between the ceramic surface and methacrylate-based
resin cement must be achieved through a silane priming step. The lack of both aspects
well explains the reduced SBS means of the control group [21]. Interestingly, there was
no difference between the HF and the MEP groups (groups 2, 3, and 4). Such findings
come in accordance with those of other studies that showed comparable resin–ceramic
adhesion following MEP application and 5% HF. The application and reaction times of
MEP reported in the literature varies between 20 and 60 s for application time and between
40 s and 10 min for reaction time [13]. In the present study, increasing the application
time of MEP to 2 min followed by 40 s of reaction time (group 4) did not significantly
affect SBS. Therefore, the third null hypothesis was accepted. However, increasing the
application time enhanced the durability of the resin–ceramic bond strength compared with
that achieved by the 20 s application time, which significantly deteriorated after artificial
aging by TC. A previous study reported similar results to our study, with no significant
difference in SBS when MEP was applied either following the manufacturer’s instructions
(20 s of application and 40 s of reaction time) or by increasing the application and reaction
times to 40 s and 80 s, respectively [22]. Another study by Alshihri et al. reported no
significant differences in SBS between MEP-etched samples with standardized application
time (20 s) and various reaction times (40, 80, and 120 s) [23]. However, this contradicts
with the results of a previous study in which higher bond strength was associated with
MEP ceramic surface treatment compared with HF when the application time of MEP was
increased to 60 s and 40 s of reaction time. The variation in the results could relate to the
different bond strength tests used, i.e., the macro-shear bond test used in the present study
as opposed to the micro-shear test used in the study by Cardenas et al. [24].

Various techniques have been utilized in in vitro studies to simulate the physiolog-
ical aging of adhesively bonded material, including water storage and thermocycling.
Thermocycling involves subjecting samples to alternating temperatures (usually 5 and
55 ◦C) to simulate thermal changes that occur in the oral cavity. The interfacial stresses
generated by temperature alterations can negatively impact resin–ceramic adhesion [25].
A total of 10 k thermal cycles were applied in this study. This might be equal to 1 year
of clinical function [26]. Thermocycling caused a significant decrease in SBS in most of
the treatment groups, except for HF for both materials and MEP 2 min + 40 s for lithium
disilicate. Thus, the fourth null hypothesis was partially rejected. This coincides with the
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results of a recent study which indicated stable adhesion to MEP-treated glass ceramic
after thermocycling [27]. Similarly, Azevedo et al. reported stable SBS with glass-ceramic
samples treated with 5% HF for 20 s over 16 months of water storage [28].

The SEM results indicate almost no surface alterations in group 1 (no treatment)
(Figure 4) compared with the other groups. This could account for the low mean bond
strength and frequent pre-test failure of this group. Group 2 produced the highest dis-
solution of the matrix, showing a porous and rough surface (Figure 4, HF). This could
explain the high SBS and stable bond observed after thermocycling. The MEP surface
treatment, according to the SEM analysis, resulted in a milder etching pattern and less
distinct topographical changes compared with HF etching. This could be a result of the
partial dissolution of the glass-ceramic matrix, which could have affected the durability
and resulted in a significant decrease in bond strength after thermocycling [24]. The self-
etching ceramic primer uses ammonium polyfluoride and trimethoxypropyl methacrylate
for etching and priming, respectively. Ammonium polyfluoride is frequently used to etch
glass-based ceramics, and the lower acidity of this etchant could explain the milder etching
pattern and limited changes in surface topography observed (Figure 4) [29]. However, more
distinct surface topographic changes were noticed with extending the MEP application time
to 2 min. This provides a plausible explanation for the durable adhesion of the MEP 2 min
group compared with the 20 s group. On the other hand, the phosphate ester monomers of
the universal primer or MEP utilized might make a minimal contribution to the adhesion
of resin to glass ceramics [30].

Failure mode analyses can offer important information for interpreting bond strength
results and identifying weaknesses in testing procedures. Although the incidence of
frequent cohesive failures within resin cement might be an indicator of inhomogeneous
stress distribution during testing and can be considered a limitation of the testing procedure,
omitting the bond strength values associated with cohesive failures can lead to biased
conclusions [31]. This information can then be used to increase the reliability of these
methodologies to ensure that the results accurately reflect the strengths of these bonds [18].
The present study showed an association between the failure mode and surface treatment,
where the highest percentage of adhesive failure was observed in the no-surface-treatment
group, while a high percentage of both cohesive failure and mixed failure was observed in
the MEP and HF groups. The high frequency of cohesive and mixed failures in the surface
treatment groups could be explained by the robust resin–ceramic adhesion following
ceramic surface treatment using MEP or HF followed by silane priming. However, the
absence of cohesive failure within ceramics could be due to the mechanical properties of the
ceramic materials used [32]. Despite the promising results of the MEP-treated groups, the
outcome of this study should be interpreted considering the limitations of this study, which
include the lack of multi-factorial artificial aging utilizing mechanical loading and exposure
to oral biofilm and different beverages. One more limitation of this study is that one resin
cement was used for build-up on resin–ceramic specimens. Further in-depth chemical
characterizations of MEP-primed ceramic surface are required to verify the possible effect
of water rinsing on the hydrolysis of the silane molecules.

5. Conclusions

Within the confines of this in vitro study, it can be concluded that although the self-
etching ceramic primer (MEP) resulted in the partial dissolution of the ceramic glass
content and a less aggressive ceramic etching pattern compared with HF etching, MEP
can be considered an alternative to the protocol including hydrofluoric acid etching and
silane priming. Increasing the application time of MEP to 2 min resulted in more durable
resin–ceramic adhesion compared with the application time (20 s) recommended by the
manufacturer. The strength of the adhesion of resin–ceramic to lithium disilicate and
advanced lithium disilicate ceramic did not significantly differ.
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Abstract: Background: Silane-containing universal adhesives (UAs) are marketed as adhesion pro-
motors for glass-ceramics. Objectives: This study aimed to evaluate the priming capacity of γ-
methacryloxypropyltrimethoxysilane (γMPTS)-containing and γ-methacryloxypropyltriethoxysilane
(γMPTES)/3-(aminopropyl)triethoxysilane (APTES)-containing universal adhesives (UAs) for lithium
disilicate ceramic (LDC). Materials and Methods: Etched LDC discs were distributed into four groups
according to the priming material used: (control), no priming; (MBN), LDC was primed with a uni-
versal primer (Monobond N); (SBU), γMPTS-containing UA (Single Bond Universal Adhesive) was
used as a primer; and (SBP), γMPTES/APTES-containing UA (Scotchbond Universal Plus Adhesive)
was used as a primer. LDC discs were cemented using a dual-cure resin cement, then sectioned into
microbeams for microtensile bond strength (µTBS) evaluation. Failure modes were assessed. Results:
MBN application showed the highest µTBS among all groups. γMPTES/APTES-containing UA (SBP)
resulted in considerably higher µTBS compared with γMPTS-containing UA (SBU) or the control
group. The mixed failures were the most predominant among all groups. Conclusions: The effect of
silane-containing UAs on resin-ceramic µTBS is material dependent. Although γMPTES/APTES-
containing UA improved bonding to LDC, the priming of LDC with either of the UAs tested cannot
be considered as an alternative to a separate silanization (priming) step using a universal primer.

Keywords: adhesives; ceramics; microtensile bond strength; silanes

1. Introduction

Ceramic restorations are usually cemented using adhesive or self-adhesive resin ce-
ments which can effectively bond to both tooth structure and ceramic restoration while
having enhanced esthetic and mechanical properties compared with conventional ce-
ments [1]. Robust resin-ceramic bond strength (adhesion) is crucial for the clinical outcome
of indirect restorations made of lithium disilicate ceramic (LDC) [2,3]. Multiple steps
are required to promote adequate bonding between LDC and methacrylate-based materi-
als, such as adhesives or resin-based cements [4,5]. Ceramic surface treatments, such as
priming in addition to using a type of luting cement, can influence resin-ceramic bond
strength (adhesion) [6,7]. LDC is one of the most used glass-ceramic materials, which can
be supplied in a fully or partly crystallized form, which requires crystallization (firing) or
heat-pressing. Despite the wide range of chemical and microstructural differences among
LDC materials, such materials are generally composed of a glass matrix supported by
crystals [8]; hence, etching with hydrofluoric acid (HF) is required to dissolve the glass
matrix [9] and increase the surface energy and wettability [10]. This step is usually followed
by a priming procedure using a silane-containing or universal primer to promote chemical
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bonding (adhesion) between silane-treated LDC and methacrylate-based materials, such as
adhesives or resin-based cements [9,11]. Dental silane primers usually contain organofunc-
tional trialkoxysilanes, such as γ-methacryloxypropyltrimethoxysilane (γMPTS) and γ-
methacryloxypropyltriethoxysilane (γMPTES), which are diluted and dissolved in ethanol
and water at a specific pH [12]. Silane molecules chemically bond to methacrylate-based
materials via the organofunctional group (methacrylate) and to HF-etched glass-ceramic
via the silanol group resulting from silane activation (hydrolysis) [9,11,12]. Clinically, upon
application of silane primer to a glass-ceramic restoration for a specific time (usually 60 s),
an effective air-drying step is required to disperse any remaining excess of the primer
solution and to evaporate the ethanol (solvent) and water content to form a homogenous
silane layer onto the ceramic surface; otherwise, the resin-ceramic bond strength would
be impaired [13], which would negatively affect the clinical performance of glass-ceramic
restorations.

To simplify dental adhesive procedures, some universal adhesives (UAs) have been
marketed as effective adhesion promotors (primers) to indirect materials owing to their
silane and 10-methacryloyloxydecyl dihydrogen phosphate (10-MDP) content [14]. Such
adhesives are claimed to be alternatives to 10-MDP-containing primers used for poly-
crystalline ceramics or silane-containing primers used for glass-ceramics. Recent studies
indicated that although UAs can effectively promote bonding to zirconia ceramic or indirect
composite [15], their ability to promote adequate bond strength (adhesion) to glass-ceramics
is limited [15–19]. Similarly, the application of such silane-containing UAs as an adhesion
promoter to hybrid ceramic failed to replace the use of commercially available silane-based
primers [20]. Experimentally, the fresh mixing of silane compounds such as γMPTS with
dental adhesives is more effective than adding silane compounds to an adhesive composi-
tion followed by long-term storage due to the acidity (pH) of the adhesive solution [21]
and complexity of the contemporary UAs’ composition [20,22]. Such adhesives contained
only organofunctional trialkoxysilane compounds. Recently, Scotchbond Universal Plus
Adhesive (SBP; 3M Deutschland GmbH, Neuss, Germany) was introduced to the dental
market as the first UA containing both organofunctional trialkoxysilane and amino–silane
compounds, such as 3-(aminopropyl)triethoxysilane (APTES). Such optimized silane con-
tent is expected to enhance the priming efficacy of SBP adhesive to glass-ceramics due
to its optimized silane content (γMPTES and APTES) [23]. Nevertheless, it is essential
to compare the priming capacity of the new γMPTES/APTES-containing UA with com-
mercially available silane-based or universal primers used clinically. The use of SBP as
an alternative to silane-based or universal primer is assumed to promote adequate resin-
ceramic bond strength (adhesion), which can save more clinical time and the additional
financial cost of silane-containing or universal primers. In addition, γMPTES/APTES-
containing UA can be applied in more versatile clinical situations, such as in the intra-oral
repair of LDC restorations. This study aimed to assess whether silane-containing UAs
can influence the resin-ceramic microtensile bond strength (µTBS). Therefore, the effect of
two silane-containing UAs on the resin-ceramic µTBS was evaluated in comparison with
silane-containing universal primer. The null hypotheses were that: (1) Ceramic surface
treatments (primer and UAs) would have no significant effect on the resin-ceramic µTBS;
(2) There would be no significant difference between the resin-ceramic µTBS obtained after
the use of either of the two silane-containing UAs tested.

2. Materials and Methods

The materials used in the study and their compositions are described in Table 1.
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Table 1. Materials used in study.

Material (LOT Number) Code Composition

Initial LiSi Block, GC, GC
corporation, Tokyo, Japan.

(LOT: 2201201C)
LDC

Silicon dioxide: 81%;
phosphorus oxide 8.1%;
potassium oxide 5.9%;
aluminum oxide 3.8%;

titanium oxide 0.5%; and
cerium oxide 0.6%.

Single Bond Universal
Adhesive, 3M Deutschland

GmbH, Neuss, Germany.
(LOT: 10608B)

SBU

10-MDP phosphate monomer,
Vitrebond,

copolymer, HEMA, Bis-GMA,
dimethacrylate resin,

camphorquinone, silane
(γMPTS),

ethanol, and water.

Scotchbond Universal Plus
Adhesive, 3M Deutschland

GmbH, Neuss, Germany.
(LOT: 7676509)

SBP

10-MDP phosphate monomer,
Vitrebond,

copolymer, HEMA,
dimethacrylate resin,

crosslinking radiopaque
monomer, dual-cure

accelerator, camphorquinone,
optimized silane

(γMPTES/APTES), ethanol,
and water.

Monobond N, Ivoclar
Vivadent, Schaan,

Liechtenstein.
(LOT: Z02S7Z)

MBN
Alcohol, silane methacrylate,

phosphoric acid methacrylate,
disulfide methacrylate.

RelyX Universal Resin
Cement, 3M Oral Care,

St. Paul, USA.
(LOT: 7756479)

-

Dimethacrylate monomers,
phosphorylated

dimethacrylate adhesion
monomers,

photoinitiator system, novel
amphiphilic redox initiator
system, radiopaque fillers,

and
rheological additives and

pigments.
Bis-GMA, bisphenol A glycidyl methacrylate; 10-MDP, 10-methacryloyloxydecyl dihydrogen thiophos-
phate; HEMA, 2-hydroxyethyl methacrylate; γMPTS, γ methacryloxypropyltrimethoxysilane; γMPTES, γ-
methacryloxypropyltriethoxysilane; APTES, 3-(aminopropyl)triethoxysilane.

2.1. Specimens’ Preparation

LDC (GC InitialLiSi Block, GC Corporation, Tokyo, Japan) blocks were cut into a
total of 40 (approximately 5.5 mm × 6.5 mm) 5 mm thick discs using a water-cooled
diamond cutting disc mounted on a computer-controlled precision cutter (IsoMet 5000
Linear Precision Saw, Buehler, Lake Bluff, IL, USA). The top surface of each ceramic disc
was wet-polished for 1 min using 600-grit silicon carbide papers mounted on a grinding
machine (Automata, Jean Wirtz, Germany) performing 200 revolutions per minute (rpm),
and then the discs were subjected to ultrasonic cleaning in distilled water for 5 min using
an ultrasonicator (Sonicer, Yoshida Dental Manufacturing. Co., Ltd., Tokyo, Japan). The
top surface of each ceramic disc was acid-etched with 5% HF (IPS Ceramic Etching Gel,
Ivoclar Vivadent, Schaan, Liechtenstein) for 20 s, then thoroughly washed with water,
before being air-dried and subjected to additional ultrasonic cleaning in distilled water
for 5 min, and then air-dried and randomly distributed into four groups according to the
priming material utilized. In Group 1 (control), the LDC discs were not primed. In Group 2,
a universal primer (MBN) was applied to the top surface using a microbrush according
to the manufacturer’s instructions, where it was left for 60 s; subsequently, any remaining
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excess was dispersed with a strong stream of air for approximately 5 s. In Group 3, γMPTS-
containing UA (SBU) was mixed with one drop (1-to-1 ratio) of Scotchbond Universal DCA
(3M Deutschland GmbH, Neuss, Germany) and immediately applied onto the ceramic
surface with a microbrush for 20 s, before being air-dried for approximately 5 s without
being light-cured. In Group 4, γMPTES/APTES-containing UA (SBP) was applied onto the
ceramic surface with a microbrush for 20 s, before being air-dried for approximately 5 s
without being light-cured. For each group, the two discs that received the same surface
treatment were cemented using a dual-cure resin cement (RelyX Universal Resin Cement,
3M Oral Care, St. Paul, MN, USA). Equal amounts of resin cement were applied onto
the HF-etched or surface-treated (primed) sides before both discs were vertically aligned
using a custom-made metal cementation device; then, a cementation force of 1 kg was
applied to the discs for 1 min (Figure 1) [24]. The excess cement was immediately and
carefully removed with a small-size cotton pellet. The cemented blocks (n = 5/group) were
light-cured from each side for 40 s. Then, additional light curing was performed from the
top and bottom sides for an additional 40 s each using EliparTM S10 (3M ESPE, St. Paul,
MN, USA) operated at 1000 mW/cm2, as verified by a hand-held radiometer (Bluephase
Meter, Ivoclar Vivadent, Austria). The light-curing tip was kept at approximately 1 mm
and at 0 angle to the cemented block. Then, the cemented blocks were kept in distilled
water for 24 h at 37 ◦C before sectioning.
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Figure 1. Schematic illustration of specimens’ preparation and µTBS test. (a) Sectioning of ceramic
blocks into discs; (b) acid etching with 5% HF; (c) priming of ceramic discs, control (no priming), MBN,
SBU, SBP; (d) cementation of ceramic discs using RelyX Universal Resin Cement under 1 kg force;
(e) sectioning of cemented discs into microbeams; (f) fixation of microbeams onto µTBS metal jig;
(g) using a scanning electron microscope (SEM) to evaluate the failure/fracture mode of microbeams
with failure-mode patterns unidentifiable with a light microscope.
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2.2. µTBS

The cemented ceramic blocks were sectioned into ceramic–resin-ceramic microbeams
with a cross-sectional area of approximately 1 mm2 (Figure 1e) using a water-cooled
diamond cutting disc mounted on a low-speed precision cutter (IsoMet 1000 Precision
Cutter, Lake Bluff, IL, USA) for µTBS evaluation. Thirty microbeams were generated within
each group. The generated microbeams were examined with a light microscope (Hirox
Co., Ltd., Tokyo, Japan) at 15× magnification before µTBS testing. Defective microbeams
were excluded. A digital micrometer (Mitutoyo, Kanagawa, Japan) was used to measure
the microbeam cross-sectional surface area at the interface. Then, the microbeams were
fixed (glued) to a custom-made metal jig using a cyanoacrylate glue (Loctite 416, Henkel,
Düsseldorf, Germany) and attached to a universal testing machine (Instron 5965, Instron
Corporation, Norwood, MN, USA) supplied with a 30 kN load cell. Before testing, it was
ensured that the alignment of each microbeam was parallel to the direction of the tensile
force. The microbeams were stressed under tension at a crosshead speed of 0.5 mm/min
until failure or debonding. The µTBS (in megaPascal (MPa)) was calculated for each
microbeam by dividing the maximum force (in Newton (N)) at fracture or debonding by
the cross-sectional surface area (in mm2). The µTBS test was performed in accordance with
the protocol described by the Academy of Dental Materials [25].

2.3. Failure/Fracture Mode Assessment

Failure/fracture modes were assessed at 15× magnification using a light microscope
(Hirox Co., Ltd., Tokyo, Japan). Failed/fractured microbeams with unidentifiable failure-
mode patterns were ultrasonically cleaned in distilled water for 5 min and dehydrated
in ascending concentrations of ethanol, before being gold sputtered for 180 s at 40 mA
using a JFC-1100 Fine Coat Ion Sputter (JEOL Ltd., Tokyo, Japan). Gold-sputtered mi-
crobeams were then assessed for the failure/fracture mode at low (75×, 80×) and high
magnifications (500×) using a scanning electron microscope (JSM-6610LV; JEOL Ltd.,
Tokyo, Japan) operated at 20 kV. Failure/fracture mode patterns were classified as cohesive
failure/fracture in the ceramic; adhesive failure/fracture at the resin-ceramic interface;
cohesive failure/fracture the resin cement; or mixed failure, including failure/fracture at
the ceramic and the resin cement, cohesive failure in the resin cement, and adhesive fail-
ure/fracture at the resin-ceramic interface. Defective microbeams or those failed/fractured
away (>2 mm) from the resin-ceramic interface were excluded.

2.4. Statistical Analysis

The sample size was calculated using G*Power software, version 3.1.9.7 (Heinrich-
Heine-Universität Düsseldorf, Düsseldorf, Germany). A total of 20 cemented blocks
are required to provide 5 blocks per group. This design achieves 98% power and a 5%
significance level. The µTBS values of microbeams generated from the same cemented
ceramic block were averaged, thus the cemented ceramic block was considered as the
statistical (experimental) unit [26]. Upon the evaluation of the normality of µTBS data
using the Kolmogorov–Smirnov test, the one-way analysis of variance (ANOVA) and
Tukey’s multiple comparison tests were applied in the statistical analysis considering the
effect of the priming material on the resin-ceramic µTBS, with p < 0.05 considered as being
statistically significant. The statistical analysis was performed using R software version
4.1.2 (R Foundation for Statistical Computing, Vienna, Austria).

3. Results
3.1. µTBS

The means ± standard deviations (SDs) µTBS for the tested groups are presented
graphically and numerically in Figure 2. Universal primer (MBN) application showed
the highest µTBS (32.21 ± 4.49 MPa) among all groups. γMPTES/APTES-containing UA
(SBP) resulted in significantly higher µTBS (20.41 ± 6.26 MPa) compared with γMPTS-
containing UA (SBU) (10.65 ± 3.5 MPa) or the control group (8.47 ± 3.11 MPa). There was
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no statistically significant difference between γMPTS-containing UA (SBU) and the control
group. The results of Tukey’s multiple comparisons statistical analysis are illustrated in
Table 2.
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Table 2. Results of Tukey’s multiple comparisons statistical analysis of µTBS data.

Pair-Wise
Groups

Comparisons

Mean
Difference

Lower
Bound

Upper
Bound p-Value Significance

Control-MBN 23.739 15.581 31.897 <0.001 *

Control-SBU 2.181 −5.977 10.339 0.869

Control-SBP 11.942 3.784 20.100 0.003 *

MBN-SBU 21.557 13.399 29.715 <0.001 *

MBN-SBP 11.797 3.639 19.955 0.004 *

SBU-SBP −9.761 −17.919 −1.603 0.017 *
*: indicates statistically significant difference.

3.2. Failure Mode Evaluation

The frequencies of failure modes (expressed as percentages) recorded for the tested
µTBS microbeams are presented in Figure 3. The mixed failures were the most predominant
among all groups at 60% (15 microbeams) for the control group, 80% (20 microbeams) for
MBN, 68% (17 microbeams) for SBU, and 72% (18 microbeams) for SBP. Adhesive failures
occurred next to mixed failures, while cohesive failures were the least among all groups.
No cohesive failures in ceramic, or pretest failures, were recorded for any group. The
representative SEM photomicrographs of the recorded failure modes are presented in
Figure 4. Most of the mixed failure-mode patterns involved an adhesive interfacial failure
at the ceramic side and a cohesive failure within the resin cement (Figure 4c,d).
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(e), at 80× and (f), at 500×: cohesive failure in resin cement. Cr: ceramic surface; gray arrow: ceramic
surface covered by adhesive layer; white arrow: adhesive layer, and black arrow: resin cement.
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4. Discussion

Bond strength evaluations can be utilized to assess the effectiveness of adhesive
procedures and materials [27] before clinical studies can be conducted. This study was
designed to evaluate the effect of priming LDC with silane-containing UAs on resin-ceramic
bond strength. In contrast to a previous study [23] in which a shear (macro) bond strength
test was used to evaluate the bonding of light-cured (polymerized) silane-containing UAs,
the current study utilized the µTBS test due to its better discriminative ability, more even
stress distribution during testing, and less cohesive substrate failures compared with macro
bond strength tests [28,29]. In addition, the ceramic discs were primed with UAs before
they were cemented (under force) using a dual-cure resin-based cement to simulate the
intra-oral cementation procedure.

The first null hypothesis was that ceramic surface treatments (universal primer or
UAs) would have no significant effect on the resin-ceramic µTBS. The results of this
study indicated that despite γMPTS-containing UA (SBU) having no effect on the resin-
ceramic µTBS, both the universal primer (MBN) and γMPTES/APTES-containing UA (SBP)
considerably improved the resin-ceramic µTBS. Thus, the first hypothesis was rejected.

Silane-containing universal primers, such as MBN, would not promote adequate
adhesion to glass-ceramics without a prior HF etching step [30]. That is why the effect of
MBN or silane-containing UAs should not be evaluated without prior HF etching. The
application of HF on glass-ceramics results in the formation of tetrafluorosilane, which
reacts with HF to form a soluble hydrofluorosilicic acid [12]. Then, a considerable amount
of the glass matrix at the etched ceramic surface is dissolved and can be easily rinsed away
with water. This not only results in the creation of surface microirregularities but also results
in the formation of hydroxyl groups on the etched ceramic surface [9]. Upon the surface
treatment of HF-etched glass-ceramic with silane-containing primers, a condensation
reaction between such hydroxyl groups and the silanol groups of activated silane occurs,
representing one aspect of ceramic bonding [9,31]. The other aspect is the reaction between
organofunctional groups in the silane molecule and functional (methacrylate) groups of
the methacrylate-based materials, such as resin-based cements or adhesives [9,31]. The
universal primers utilized in this study, such as MBN, contain large percentages of organic
solvents, such as ethanol or acetone [11,32]. Upon air-drying the primer layer applied on
the ceramic surface, much of the solvent will be evaporated, resulting in the formation of
a silane layer on the ceramic surface, which is a crucial factor affecting the resin-ceramic
bond strength [31]. In contrast, compared with MBN, the composition of silane-containing
UAs is much more complex because they are primarily manufactured to bond resin-based
composite materials to the tooth structure [33]. To specify, other components within the
UA composition, such as 10-MDP, Bis-GMA, HEMA, dimethacrylate resin, crosslinker
monomers, and other components, cannot be eliminated after the application of UA. Thus,
it is assumed that despite the ability of UAs to flow effectively into the microirregularities
created by HF etching [21], the formation of a silane layer deposited onto the ceramic
surface seems less likely, even with the effective air-drying of such UAs [20]. This can partly
explain the inferior priming capacity of UAs compared with MBN. Meanwhile, UAs are
acidic in nature [14,34], which might have affected the chemical stability of silane molecules
within the UAs’ formulations, impairing their priming potential [21] and resulting in a low
resin-ceramic bond strength. γMPTS-containing UA (SBU) did not have any impact on
resin-ceramic bonding. This is in accordance with a recent meta-analysis that indicated
that γMPTS-containing UAs do not have a priming capacity similar to silane-containing
or universal primers [35]. In contrast, γMPTES/APTES-containing UA (SBP) not only
significantly improved the resin-ceramic µTBS compared with the control group but also
resulted in significantly higher µTBS than the γMPTS-containing UA (SBU). Therefore,
the second null hypothesis, that there would be no significant difference between the
resin-ceramic µTBS obtained after the use of either of the two silane-containing UAs tested,
was also rejected. The different bond strengths obtained can be explained—in part—by the
better priming capacity of SBP due to its optimized (γMPTES/APTES) silane technology.
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Combining the effects of the silanol-groups of both γMPTES and APTES molecules, as well
as the amino groups of the APTES molecule, means they can simultaneously interact with
the hydroxyl groups on the glass-ceramic surface [36], increasing UA’s priming capacity;
thus, the resin-ceramic µTBS is enhanced. The APTES molecule within SBP forms hydrogen
bonds at the HF-etched glass-ceramic surface and reacts with silanol groups, resulting
in the formation of amino-silanol groups [37]. In addition, the APTES molecule can act
as a siloxane intermolecular crosslinker [36], which can increase the density of the silane
interaction layer and enhance the bonding to the glass-ceramic material [23]. Moreover,
the Si–O–C2H5 group within the γMPTES molecule in SBP hydrolyzes slower than the
Si–O–CH3 group within the γMPTS molecule in SBU [38], which may have decreased the
dehydration condensation of silanol groups [23]. Another plausible explanation for the
superior resin-ceramic µTBS obtained when SBP is used as a primer may be its improved
dual-cure compatibility with the luting resin cement used (RelyX Universal Resin Cement).
However, further in-depth investigations are required to prove this speculation.

Despite the precision of the µTBS test employed in this study, it is a technique-sensitive
method associated with the generation of interfacial stress during specimens’ sectioning.
Such stress can result in failure of low-performance adhesive interfaces or brittle sub-
strates [29]. Multiple factors, such as specimens’ alignment in relation to the direction
of tensile force, shape and dimensions, gripping jig, and testing machine, can also influ-
ence the outcome of the µTBS evaluation [25,39]. The outcome (µTBS data) should be
interpreted in combination with the corresponding failure modes because a statistical
evaluation of µTBS data can be affected by the inclusion or censoring microbeams with
specific failure modes [40,41]. Both a light microscope and SEM were utilized to assess
the failure mode patterns of the tested microbeams. The fractographic evaluation using
SEM is more illustrative and can be performed in higher magnifications compared with
using a light microscope [25]. We found that mixed failure patterns (Figure 4c,d) were the
most predominant in all the groups. The control (no priming) group presented a higher
incidence of adhesive failures compared with the other groups, which may be due to the
relatively low µTBS. The failure mode patterns of the tested groups were affected by the
setup of the µTBS test. Although sectioning the cemented ceramic blocks into microbeams
is laboratory-intensive and technique-sensitive work, testing the ceramic-resin-ceramic
microbeams employed in this study not only had the advantage of solely evaluating the
resin-ceramic interface [24] but also eliminated the incidence of cohesive failures within the
ceramic material, which can be explained by the high mechanical properties of LDC [42]
and the homogenous stress distribution at the interface. Overall, the γMPTES/APTES-
containing UA (SBP) showed promising performance as an LDC primer before cementation
with a dual cure resin cement. However, this study has some limitations, including the lack
of long-term artificial aging (water storage and thermocycling) of the microbeams and the
use of one ceramic material and one resin cement. Moreover, mechanical loading before
bond strength evaluation cannot be performed because of the geometry of the cemented
blocks. Thus, the results of this study should be considered with much caution. In fact,
in-depth chemical analyses of γMPTES/APTES ratio applied in SBP in addition to the
reaction between γMPTES/APTES-containing UA (SBP) and HF-etched glass-ceramic are
required to confirm its positive impact on resin-ceramic bond strength.

5. Conclusions

The effect of silane-containing UAs on resin-ceramic µTBS is material-dependent.
γMPTS-containing UA (SBU) did not affect the resin-ceramic µTBS. Although γMPTES/
APTES-containing UA (SBP) improved bonding to LDC compared with γMPTS-containing
UA (SBU) or the control group (no priming), it resulted in considerably lower µTBS than
a universal silane-containing primer (MBN). The priming of LDC with either of the UAs
tested cannot be considered as an alternative to a separate silanization (priming) step using
a universal silane-containing primer.
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Abstract: Instability of the dentine-resin interface is owed to the partial/incomplete penetration
of the resin adhesives in the collagen fibrils. However, interfacial hydrolysis of the resin-matrix
hybrid layer complex activates the collagenolytic and esterase enzymes that cause the degradation
of the hybrid layer. Adequate hybridization is often prevented due to the water trapped between
the interfibrillar spaces of the collagen network. Cyclic fatigue rupture and denaturation of the
exposed collagen fibrils have been observed on repeated application of masticatory forces. To prevent
interfacial microstructure, various approaches have been explored. Techniques that stabilize the
resin–dentine bond have utilized endogenous proteases inhibitors, cross linking agents’ incorpora-
tion in the exposed collagen fibrils, an adhesive system free of water, and methods to increase the
monomer penetration into the adhesives interface. Therefore, it is important to discover and analyze
the causes of interfacial degradation and discover methods to stabilize the hybrid layer to execute
new technique and materials. To achieve a predictable and durable adhesive resin, restoration is a
solution to the many clinical problems arising due to microleakage, loss of integrity of the restoration,
secondary caries, and postoperative sensitivity. To enhance the longevity of the resin-dentine bond
strength, several experimental strategies have been carried out to improve the resistance to enzymatic
degradation by inhibiting intrinsic collagenolytic activity. In addition, biomimetic remineralization
research has advanced considerably to contemporary approaches of both intrafibrillar and extrafib-
rillar remineralization of dental hard tissues. Thus, in the presence of biomimetic analog complete
remineralization of collagen, fibers are identified.

Keywords: biomimetic; bond degradation; dental adhesive; dentine-resin interface; resin composites

1. Introduction

Restorative and adhesive dentistry has witnessed extraordinary improvements after
the innovations in contemporary adhesive materials. These new adhesive systems do
not require any mechanical retention through features such as dovetails, grooves, sharp

Coatings 2022, 12, 1094. https://doi.org/10.3390/coatings12081094 https://www.mdpi.com/journal/coatings49



Coatings 2022, 12, 1094

internal angles, and undercuts [1]. For the success of modern restorative dentistry, these
adhesive systems play a critical role, as sound tooth structure would be preserved using
these newer systems. In addition, by using these contemporary and advanced adhesive
systems, secondary caries due to microleakage may be reduced or eliminated [1].

Buonocore, in 1955, reported that enamel and dentine surfaces could be made more
receptive to adhesion by altering it through acid pretreatment. Moreover, he revealed that
by conditioning the human enamel with 85% phosphoric acid, the acrylic resin could be
bonded with enamel. Simultaneously, this technique was used for pit and fissure sealants
and class III and class V restorations. Until the 1950s, developments in dentine adhesives
were sluggish. ‘Surface active comonomer’, synthesized by Bowen, demonstrated that resins
formed a chemical bond to dentinal calcium, but the commercial products developed
on the basis of this co-monomer resulted in very poor clinical performance [2]. In the
dentinal bonding systems over the past 45 years, a lot of variations have been discovered
in terms of the chemistry of the bonding agent, the effectiveness of the bonding agent,
the technique, and the mechanism. Due to the continuously increased demand of esthetic
bonded restorations, an increase in the evolution of bonding agents occurred accordingly [3].
The paradigm shift of esthetic dentistry has transformed adhesive dentistry in the past few
years and has gained much consideration due to extensive research on dental adhesives
and continuously changing concepts. Prompt progress in adhesive dentistry is due to the
increased demand for minimally invasive tooth restorations and esthetics [4]. Different
types of dental adhesives have emerged due to this research and development. These
adhesive systems are prone to degradation of the resins. Therefore, the longer-term success
of clinical stability and durability of resin-based polymers depends upon many factors,
primarily on the degradation of the dentinal collagen. Although there have still been some
uncertain hitches in the adhesive system in the past 50–60 years, it is incredible to witness
adhesive bonding. The performance of the adhesive polymers cannot be comprehended
accurately, as they contain a complex mixture of various constituents. For the correct clinical
use of these adhesives, sound and intense knowledge is required. The literature shows
variable clinical data in which low bonding strength was observed for some materials
but higher bond strength in other materials [5]. Bond failure of these resin polymers over
time might be due to the elution of unreacted monomers, water sorption, and polymer
swelling [6].

Thus, this review consulted several studies and the factors important for the degrada-
tion of adhesive resins and the strategies to eliminate these factors. The aim of this review
was to present the factors that are responsible for the resin-bond interface degradation, and
the possible strategies to minimize and prevent this degradation. In addition, the role of
biomimetic remineralization and associated factors in preventing the degradation of the
resin adhesive interface was explored.

2. Composition of Dental Adhesives

By composition, dental adhesives consist of resin monomer solutions [7]. These
monomers consist of both hydrophobic and hydrophilic groups. The interaction and co-
polymerization of the adhesive system with the restorative material are by the hydrophobic
component, whereas the hydrophilic component improves the wettability of the material
with the hard dental tissues [8]. Other components in the adhesive system are comprised
of initiators, inhibitors, stabilizers, organic solvents, and inorganic fillers [8]. However, to
achieve durable bonding with these adhesive techniques, the composition and structure
of enamel and dentine need to be examined. Besides water and organic material, enamel
is composed of crystalline hydroxyapatite, having a high-energy surface with strong
intermolecular forces. On the contrary, dentine is a biological composite of hydroxyapatite,
having a collagen network with low surface energy and intermolecular forces. Structurally,
dentine is entirely different from enamel, and it is humid and less stiff than enamel. Dentine
contains a smear layer, organic contents, and dentinal tubules [9]. In contrast to the enamel,
dentine undergoes an aging physiological process, due to which dentine permeability
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decreases and the thickness of dentine increases [10]. The bonding technique for enamel is
different from dentine bonding due to the fact that the enamel becomes dried easily. The
loss of dentine bond strength is due to the degradation of hydrophilic resin constituents
and due to the degradation of collagen fibrils. This degradation will damage the hybrid
layer. To avoid collagenolysis in the resin-dentine interface, extensive research activity
was conducted to gain further understanding of the role of enzymes in the hybrid layer.
This review emphasized various factors accountable for the degradation of collagen fibrils
and the hybrid layer, in addition to it discussing the strategies to prevent and control the
hydrolytic enzyme-related loss of the bond strength of the adhesives and the damage of
the hybrid layer (HL).

3. Classifications of Dental Adhesives

Due to the complex nature of adhesive agents, the concept of generations has been
used by the dental industry and academia. Dental adhesive systems have evolved from
no-etch to total-etch to Self-Etch (4th, 5th, 6th, 7th, and 8th generation) techniques, and
the details of these are presented in Tables 1 and 2. While improving the chemistry of the
adhesive systems, each subsequent generation has focused on minimizing the number of
steps to simplify and reduce the procedural time, and they achieved a faster application
technique, which is required during clinical applications.

Table 1. A description of the components of bonding agents.

Components Ingredients References

Resin components

HEMA, Bis GMA, TEGDMA, is the main component
of adhesives systems

Different monomers, cross-linkers and functional
polymer group, methacrylamides and MDPB,

methacryloxylethylcetyl ammonium
chloride, PENTA

[11–13]

Functional monomer 4 META and 10 MDP and GPDM [12]

Photo-initiators Camphorquinone, 1-phenyl-1,2 propanedione (PPD),
MAPO and BAPO [14,15]

Chemical initiators Benzoyl peroxide and tertiary amine [16,17]

Inhibitors Butylated hydroxytoluene and others [18,19]

Solvents
The most common solvents are water, acetone,
Solvent effect adhesion via wettability, collagen

expansion and monomer ionization
[20,21]

Fillers
Bioactive fillers, nanofillers, fluoride releasing fillers

Fillers to improve radio-opacity,
montmorillonite nano-clay

[22,23]

Recent modification

Glutaraldehyde as the denaturation of collagen in
dentine and the occlusion of the dentinal tubules
MMPs, chlorhexidine, bioactive ingredients, and

antimicrobial and remineralizing agents

[24–26]

HEMA: 2-Hydroxyethyl methacrylate, BIS-GMA: Bisphenol A-glycidyl-methacrylate, TEGDMA: Triethylene
glycol dimethacrylate, MDBP: 12-Methacryloloxydodecyl pyridinium bromide, PENTA: Dipentaerythritol penta-
acrylate phosphate, 4 META: 4-Methacryloxyethyl trimellitate anhydride, MDP:10-Methacryloloxydecyl dihy-
drogen phosphate, GDPM: Glycerol-Phosphate dimethacrylate, MAPO: (4-maleimidophenyl)oxirane, BAPO:
(2,4,6 trimethyl benzoyl)-phosphine oxide, MMPs: Matrix Metalloproteinases.
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Table 2. Summary of the different classification systems used for categories of dental adhesives.

Classification Description and Characteristics of Several Adhesive
Systems References

Current adhesive system

Etch and Rinse (total etch), Etchant removed the smear layer to form
demineralized dentine

Complete infiltration of monomers is not achieved leaving incompletely
infiltrated zones.

[27–30]

Self Etch, Separate acid-etch step was not needed
Stability is dependent on the coupling between the collagen fibril substrate

and the adhesive resin
Reduced porosities, homogenous resin infiltration, and better collagen

fibrils protection
Immunohistochemical labeling with anti-type I collagen antibodies

presents a weak, uniform hybrid layer
The efficacy of bonding to enamel without the need for separate acid

etching is questionable

[30–34]

Number of steps

Three step (4th Generation), Involves etch, prime, and bond (three bottles)
Highest in bond strength and greatest durability [35]

Two step (5th generation),
Etch, prime, and bond in a single coating (two bottles)

Simplified method
Efficient and stable bonding less predictable and more difficult

dentine bonding

[35]

The historical concept of
dental

adhesive
generations

Historical concept of dental
adhesive

generations
(continued)

First generation adhesives (One-step)
Contains glycerophosphoric acid dimethacrylate (NPG-GMA)
Ionic bond with hydroxyapatite and covalent bond to collagen

Smear layer not removed, polymerization shrinkage occurs, low bond
strength (2–6 MPa)

[36–38]

Second generation adhesives (One-step),
Polymerizable phosphates incorporated to bis-GMA resins to

enhance bonding
Formation of ionic bond in calcium and chlorophosphate groups

The smear layer was not removed
Debonding, microleakage, and low bond strength 4–6 MPa

are disadvantages

[2,37–39]

Third generation adhesives (One-step),
Acid-etch enamel and dentine to partially eliminate the smear layer

A primer application after the acid rinsed away with water
Greater bond strength then first and second

[39–42]

Fourth generation adhesives (Three-step)
Golden standard in dentine bonding

Complete removal of smear layer
Total-etch technique and concept of hybridization introduced

were introduced
Technique sensitive due to complexity of multiple bottles and steps, and it

was time-consuming
Bond strength is in 10–20 MPa range and reduced margin leakage

[39,43–47]
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Table 2. Cont.

Classification Description and Characteristics of Several Adhesive
Systems References

Fifth generation adhesives (Two-step),
Etch and Rinse concept, combining the primer and adhesive resin into

one application
Hybrid layer formation, more prone to water degradation than 4th

generation adhesive
Bond strength 3–25 MPa

[45,48,49]

Sixth generation adhesives (Two Steps), Self-Etching primers
Does not involve a separate etching step

Efficacy is less dependent on the dentine hydration than the
total-etch systems

Sufficient bond strength to conditioned dentin while the bonding with
enamel was less effective

[39,45,50,51]

Seventh generation (One-step), One-bottle Self-Etching system
Prone to hydrolysis, waster sorption, and chemical breakdown

Limited resin infiltration and creates some porosities
Lowest initial and long-term bond strengths

[49,52–55]

Eight Generation (One Step), Nano-filler (12 nm) present Self
Etch generations

An acidic hydrophilic monomer
Improved enamel and dentin bond strength and stress absorption and

produced a longer shelf life
Increased resin monomer penetration and improved hybrid layer thickness

Due to nano-fillers clusters, it can form cracks and reduce the
bond strength

[56–59]

Dental adhesives are generally characterized in historical generations that reflect
the amended handling performance for improvements in novel preparations rather than
new adhesion concepts or mechanisms. There are two major adhesive concepts based on
chemistry and the mechanism of adhesion to the tooth structure:

a. Superficial demineralization of dentine and enamel, which depend on the complete
removal of the smear layer.

b. Partial or superficial dissolution of the smear layer in the adhesive interface to create
a hybrid layer [27].

Both models encourage resin adhesion by micro-mechanical retention to enamel and
dentine. However, a supplementary chemical bond to the substrate is also present in
both concepts [28]. Van Meerbeek et al. [29] proposed an adhesive classification into two
categories, Etch and Rinse, and the selective etch technique. A distinct acid-etching step
was not required in Self Etch systems since the adhesive resins simultaneously infiltrate
and demineralize the tooth structure and create a more homogenous infiltration of adhesive
resins in the demineralized collagen fibrils [30]. The bond strength of the Self Etch adhesive
technique, therefore, depends on the collagen fibril and the resin adhesives coupling [31,32].
However, the effectiveness of Self Etch bonding to enamel without an acid-etch step is still
questionable [30,31].

4. Degradation of Adhesive Interface/Hybrid Layer

The adhesion of direct restoratives to the tooth structures is due to the ongoing
development and recent research in adhesive systems. In spite of the developments in
chemistry, composition, and classification, the stability and strength of the resin-dentine
interfacial bond remain questionable [60]. The consequences of resin degradation at the
adhesive interface results in post-operative sensitivity, marginal staining, and secondary
caries, due to which the durability of the restoration will be compromised [40]. This might
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be due to the fact that degradation will produce marginal deterioration and weaken the
adhesion procedure [61]. It is a commonly established fact that dentine-resin adhesive
interface degradation occurs after the use of current dental adhesives and has been an
interesting research topic most recently. The following factors are proposed to influence
the degradation of the hybrid layer and resin-dentine interface.

4.1. Degradation of Adhesive Resins

The main factor involved in the chronic degradation of the adhesive resins is the hy-
drolysis and adhesive resin leaching from the resin-dentine matrix [62,63]. Water diffusion
into the hydrophilic adhesive initiates the leaching process, and, due to the adhesive phase
separation, there is a limited degree of polymerization in the hydrophilic domains [64]. In
the aqueous environment, the poorly polymerized hydrophilic phase undergoes degrada-
tion more quickly. The primary factor involved in the reduction of the bond strength of the
resin adhesive interface is the hydrolysis within the hybrid layer, which contributes to poor
adhesion after some time [64]. Water begins to penetrate the resin restoration interface after
prolonged exposure of the resin restorations to oral fluids. The water acts as a plasticizer
between the polymer chains of the adhesives and as a molecular lubricant. This molecular
lubricant will cause mechanical wear of the exposed adhesives [64]. This allows for greater
transport of both water and enzymes, along with increasing the surface area and abrading
the resin dentine interface surface, leading to the acceleration of matrix degradation [38].

The other factor that enhances the degradation of the resin interface is chemical hydrol-
ysis due to the water transport or salivary fluids in methacrylate materials, which results in
damage to the ester bonds [38]. An immediate increase in the bond strength was observed
after the infiltration of the exposed collagen fibrils by the hydrophilic 2-hydroxyethyl
methacrylate (HEMA) monomer [63,65]. The limitation of these adhesive systems is that
they compromise the longevity of the dentine-resin bond [66]. One of the most impor-
tant factors besides the presence of water, that contributes to the degradation of adhesive
resins, is the incomplete polymerization of variable degrees that can be associated to the
extent of fluid movement in the adhesive hybrid layer [5,62,63,67]. Contemporary dental
adhesive systems comprise both hydrophilic and hydrophobic components. Hydrophobic
monomers continue to stay on the surface, whereas the hydrophilic components infiltrate
the interior of the hybrid layer [60]. These systems produce heterogeneous resin layers due
to the nanophase separation ration phenomenon [68].

One of the most significant causes involved in the degradation of the resins is the
hydrophobic camphorquinone (CQ) photo-initiator [69]. The hydrophobic CQ initiator
may potentially cause a suboptimal degree of conversion of hydrophilic monomers [69],
resulting in deficient polymerization in the hybrid layer deep zone [69]. In that instance, to
improve the degree of conversion of adhesives, it is suggested to use camphorquinone in ad-
dition to water-compatible photo-initiators, such as TPO (ethyl 4-dimethylaminobenzoate
and diphenyl (2,4,6-trimethylbenzoyl)-phosphine oxide) [69]. This photo-initiator possibly
reduces the damaging effect of the nanophase separation by increasing the degree of con-
version of the hydrophilic and the hydrophobic components of the resin polymer [68,70,71].
Other minor causes of resin interface degradation include the expansions and the contrac-
tion in resin restorative materials due to temperature changes and occlusal forces. These
factors compromised the dentine resin bond stability by allowing the penetration of oral
fluids and water into the resin interface [72]. Moreover, hydrophobic and hydrophilic
cytotoxic by-products, such as ethylene glycol and methacrylic acid, are released because
of the breakage of ester bonds present in the HEMA [73]. This ester bond breakage also
occurs when saliva, pulp, and bacteria release esterase enzymes [74].

4.2. Degradation of Collagen

Dayan et al. [75] and Tjäderhane et al. [76] have reported the collagenolytic activity in
dentine. In aseptic conditions, collagen can degrade over time, as confirmed by Pashley
et al. [77], because of the intrinsic matrix proteases. It was reported that treated specimens
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with enzyme inhibitors remarkably found a decrease in the intrinsic dentine gelatinolytic
and collagenolytic activity [77]. Thenceforth, scientists put their efforts towards exploring
the role of these enzymatic activities in the degradation of the HL, enzymes involved in
the degradation, and their localization within the dentine, and they also investigated the
approaches to reduce or stop this enzymatic activity [77]. The matrix metalloproteinase
and cysteine cathepsins are the most noticeable collections of endogenous enzymes within
dentine, and they are discussed below.

4.2.1. Matrix Metalloproteinase (MMP)

MMPs are proenzymes common to both bone and dentine. They are Zn2+ and Ca2+-
dependent endogenous proteases that consist of a bridge between the Zn2+ ions and the
cysteine residue [78]. The tertiary structure of MMPs is preserved by their Ca2+ part,
whereas the Zn2+ ions are responsible for the enzyme activation. In the intact form, these
MMPs prevent the binding of the Zn2+ ions with the water molecules, thereby preventing
enzyme activation (Figure 1) [78]. Their classification is based on the substrate on which
they act similar to collagenases (MMP-1, -8, -13, and MMP-18), gelatinases (MMP-2 and
MMP-9), stromelysins (MMP-3 and MMP-10), matrilysins (MMP-7 and MMP-26), and
membrane-type MMPs (MMP-14, -15, -16, and MMP-24). MMPs that are present in human
dentine are MMP-2, -3, -8, -9, and MMP-20 [79].
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Figure 1. Summary of the strategies used to reduce hybrid layer degradation. EI → Enzymes
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EDTA → Ethylene diamine tetra acetic acid (EDTA); CCL → Collagen Cross Linkers.

During dentine maturation, MMPs play an important role, but they become inactive
after the collagen matrix mineralization is completed [80]. In addition, during growth,
organogenesis, and normal tissue turnover, MMPs are responsible for the degradation
of extracellular matrix proteins [81]. Nevertheless, the comparative influence of such
enzymatic activity on bond degradation is still indistinguishable. The most relevant
pathway of bond degradation is thought to be due to hydrolytic water sorption [81].
Although there is inconsistent literature available on the different kinds of adhesives about
enzyme exposure and activation, the data regarding retarding/arresting bond degradation
effects upon use of MMP inhibitors vary among studies [81]. The most plentiful MMPs
found in dentine are MMP-2 and MMP-9 [81]. Mazzoni et al. [82] studied MMP-2 and MMP-
9 molecular forms in the demineralized dentine by immunoassay, gelatin zymography,
and western blotting [82] and reported that the organic matrix of the fibrillar network of
human dentine consists of both MMPs as intrinsic constituents [82]. It was also found
that both mineralized and un-demineralized dentine have distinctive distribution patterns
and concentrations of MMPs, and they concluded that the bioavailability and activation of
MMPs are affected by the demineralization [61]. The roles of MMPs in the Etch and Rinse
technique and the Self Etch approach were compared in a study after mixing adhesives with
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human dentine powder, and it was reported that, when such adhesives were applied to acid-
etched dentine, there was an increase in the quantity of activated, non-denatured enzymes
and proteolytic activities in the tested adhesives [83,84]. However, the denaturation of
MMPs can occur during the conditioning of dentine at a lower pH (0.7–1) of phosphoric
acid [85]. Latent forms of the enzymes activated by low pH trigger the cysteine switch
and employ their effect on the catalytic action of dentine. The inhibitory activity of tissue
inhibitors of MMP also decreases through this process. However, other studies showed the
disparity and demonstrated that, after mixing demineralized dentine powder with Self Etch
adhesives, the low pH value was neutralized rapidly in the Self Etch approach, resulting in
momentarily preventing the MMPs activity [86]. Many in vivo and in vitro techniques can
be used to activate the MMPs. In vitro techniques can be physical (heat and low pH) and
chemical (chaotropic agents, sulfhydryl groups, and reactive oxygen). In vivo activation
can be by proteases and other MMPs, and they are associated with MMP activation, which
was induced by the dentinal adhesive application [87]. Lehmann et al. [88] found that,
in human odontoblasts, the synthesis of MMP-2 was increased after the application of
the adhesive, due to which movement through the hybrid layer to dentinal tubules also
increased [89].

4.2.2. Cysteine Cathepsins

In dentine matrices, the prominent endogenous proteolytic enzymes that are involved
in the degradation of dentine are cysteine cathepsins (CTs). The presence of CTs in dentine
was reported to compromise 98% of the cathepsin activity against dentine collagen [90,91].
These proteases are expressed by mature human odontoblasts cells and pulpal tissues.
In human dentine, there are 11 CTs that have been found involving the CT-K, CT-L,
and CT-B [92]. They can generate multiple collagen fragments due to the presence of
glycosaminoglycan (GAG) side chains, as they are able to cleave helical collagen at multiple
sites, whereas other CTs and MMPs can only cleave the non-helical telopeptide part of
the collagen cleave [93]. The association of cysteine cathepsins with caries progression
and hybrid layer degradation was demonstrated by a few researchers [90,91,94]. MMPs
and cysteine cathepsins are located near the target substrate and are close to each other.
Therefore, there is synergistic activity between them that was found in sound and carious
dentine. In this way, the two different classes of these proteases worked as a cascade
network [90,91,94]. Dentine-bounded MMPs were further activated by the acidic activation
of cysteine cathepsins [95]. In addition, the spectrofluorometric use of fluorogenic substrates
was carried out for these proteases (MMP and CT activities), and it was found that, in
matrix degradation, two types of proteases have diverse coordinated roles. Interestingly, in
dentine CT-MMP interactions, it was found and demonstrated that MMPs and CTs regulate
the activities of each other [91].

4.3. Incomplete Infiltration of the Resin Adhesives

Incomplete hybridization of the adhesive in the collagen complex in the Etch and
Rinse technique is a result of the difference between penetration of the adhesive and action
of the conditioning acidic agents [96]. Nanopercolation occurs because of the incomplete
hybridization of collagen networks, as they become more susceptible to hydrolytic degra-
dation [96]. A stable and complete hybrid layer cannot be achieved such as in the inter- and
intrafibrillar compartments; the monomers are not able to replace the free and collagen-
bound water [97,98]. In addition, large monomers such as BIS-GMA were entrapped in
inter-fibrillary spaces due to highly hydrated proteoglycan hydrogels. These proteoglycan
hydrogels only allow small monomers such as HEMA to penetrate toward the base of
the hybrid layer [99]. As HEMA creates weak linear chains, they will cause cyclic fatigue
failure of the collagen chains when subjected to stress [100].
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5. Strategies to Reduce Hybrid Layer (HL) Degradation

Several strategies have been reported in the literature to improve the longevity and
decrease the degradation of the hybrid layer by using protease inhibitors, enzyme inhibitors,
and collagen cross-linkers as primary agents [101–103]. Some of these agents that influence
the endogenous dentinal enzymes are discussed in the section below.

5.1. Enzymes Inhibitors
5.1.1. Chlorhexidine (CHX)

Chlorhexidine is the most extensively investigated enzymatic inhibitor and an an-
timicrobial agent and is characterized by the excellent inhibition of MMP activity in both
dentine and resin [104]. Due to chelating properties at low concentrations (0.2%), it showed
excellent inhibition of protease enzymes [104–109]. The literature regarding the mechanism
of action of CHX is scarce, but it might be because of the cationic behavior of CHX, as
it binds to both mineralized and unmineralized dentine [105–108]. As CHX consists of
chlorine, it prevents its hydrolytic activity by binding to the zinc of the catalytic domain of
MMPs [104]. When CHX digluconate (0.5 wt.%, 2.0 wt.% and 4.0 wt.%) was incorporated
in experimental etch-and-rinse adhesives, no adverse effects on the degree of conversion
were found [110]. However, Cadenaro et al. [111] demonstrated that, although the degree
of conversion was not affected by the incorporation of 1% or 5% CHX into the adhesive
resins, the elastic modulus was significantly decreased. Furthermore, bond strength was
preserved for 12 months without affecting the ultimate tensile strength, solubility, DC, and
water sorption after the incorporation of CHX in Etch and Rinse adhesives [112]. Da Silva
et al. [113] incorporated Galardin, Batimastat, GM1489, and CHX as enzyme inhibitors in
Etch and Rinse adhesives and found similar results in CHX and GM1489.

5.1.2. Quaternary Ammonium Methacrylates Compounds (QAMS)

The mechanism of action of quaternary ammonium compounds is similar to CHX,
as both are positively charged. The most prominent and already tested MMP inhibitor in
the quaternary ammonium compounds is benzalkonium chloride (BAC). BAC consists of
various alkyl chains and is a combination of alkylbenzyl-dimethylammonium chlorides.
These compounds showed favorable bond strength results over time in comparison to
CHX, as they strongly bind to demineralized dentine [114–116]. To evaluate the mechanical
properties of the unfilled resins after incorporating quaternary ammonium methacrylates,
Hoshika et al. [117] found that the degree of conversion of these resins was improved, but
wet toughness and ultimate tensile strength were decreased by the addition of 10% QAMs,
whereas when 15% QAMs were added, it decreased the mechanical properties of the resins
significantly [117]. Therefore, it was documented that, although the degree of cure will
be increased, the ultimate tensile strength and Young’s modulus were decreased in QAM
containing adhesive [117]. 12-meth-acryloyl-oxydodecyl-pyridinium bromide (MDPB)
is a quaternary ammonium methacrylate QAM and has been incorporated into several
contemporary adhesive systems. It is well-known for its antimicrobial properties in the
adhesive resins, MDBP polymerize with methacrylate; therefore, leaching of this compound
was restricted and can serve as a microbe [118]. It has an excellent capability of preventing
MMP activity [118–121]. Further research is needed to demonstrate that adhesives based
on QAM compounds increase the strength of the resin-dentine interface by effectively
inhibiting MMPs at the resin dentine interface and also to focus on the development of
quaternary ammonium functionalities [122].

5.2. Ethylene Diamine Tetra Acetic Acid (EDTA)

For decades, due to the chelating properties, ethylene-diamine tetra acetic acid (EDTA)
has been used in endodontics. EDTA binds to Zn2+ ions from the catalytic site of the MMPs
and removes the Ca2+ from the collagen matrices [123,124]. However, a long application
time and the reversibility caused by water solubility are the main drawbacks [125].
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5.3. Bisphosphonates

Bisphosphonates are proteases inhibitors that act by chelating zinc and calcium ions
from several enzymes [126]. In particular, good instant outcomes were observed with
polyvinylphosphonic acid (PVPA), but with uncertain durability [127]. Tezvergil-Mulutuay
et al. [127] used polyvinylphosphonic acid (PVPA) on recombinant MMP-9 and found
that it efficiently inhibited this gene with less hydroxyproline release. The bonding be-
tween PVPA and collagen is electrostatics. PVPA can become trapped in collagen through
1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC) [128]. This phenomenon makes
PVPA more advantageous in terms of bond durability when compared with CHX. All these
outcomes suggested that, to enhance the durability and longevity of resin dentine bonds,
PVPA can be incorporated. However, there is a dearth of literature about bisphosphonates
as MMP inhibitors; thus, future work should be performed.

5.4. Tetracycline

Tetracyclines along with their analogues doxycycline and minocycline are broad-spectrum
antibiotics used as effective MMP inhibitors, having cationic chelating properties. [129,130].
Doxycycline decreases dentine matrix degradation intensely [131]. Chemically-modified tetra-
cyclines (CMT-3, Metastat) are exceptionally efficient in reducing MMPs in dentine caries
and can retain their MMP-inhibiting capacity, although the antimicrobial activity is not
ideal [132]. They act on enzymes by inhibiting their activity and secretions. In addition, they
are also involved in calcium chelation [133]. However, improvements in the dentine-resin
bond by the tetracycline have not yet been evaluated. These compounds need further in-
vestigation due to their potent MMP inhibiting potential. Though, during photo-oxidation,
these compounds can induce the purple stain of teeth and are therefore not considered
suitable for clinical use.

5.5. Collagen Cross Linkers

In dentine, collagen matrix cross-linking is not only a natural mechanism used to
increase the mechanical properties of dentine, but it also is used to make dentine less sus-
ceptible to enzymatic and hydrolytic degradation [134,135]. Several studies, therefore, have
reported the incorporation of numerous chemical constituents that have cross-linking prop-
erties in dental adhesives [134,135]. Cross-linking agents stabilize the collagen structure
and make it more resilient to enzymatic degradation by attaching to the amino-carbonyl
groups of the collagen [134,135]. These cross-linkers prevent the hybrid layer degradation
through several mechanisms, as mentioned below:

a. Firstly, cross linkers disable the degeneration process by changing the molecular
mobility of the MMPs [134,135].

b. Secondly, they render this collagen less prone to hydrolysis by creating supplemen-
tary cross-links between the molecules of collagen [134,135].

c. Lastly, many different mechanisms have been involved in the inhibition of MMPs
and CTs by these cross-linkers.

These mechanisms could be evading the cysteine switch oxidation, which in the
substrate cleavage sites will be hidden by these cross-linkers, and the dysregulation of
endogenous protease expression, within collagen protection of cleavage sites, by cross-
linkers and the inactivation/silencing of proteases activity [136].

5.5.1. Aldehydes

Aldehyde (glutaraldehyde) is widely reported in the literature as a strong cross-linking
agent for its use in dentistry [135,137–140]. However, it is rarely used in clinical dentistry
because of its cytotoxicity [139,141]. It forms a covalent bond between the amino groups of
peptidyl lysine and hydroxylysine residues within the collagen [139,141]. To improve and
enhance the mechanical durability of dentine, the simplest unsaturated aldehyde known as
Acrolein (acrolein (2-propenal)) was used as an additional primer strength preservation
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of dentine resin interface [142]. As with the glutaraldehyde, Acrolein is also proved to be
cytotoxic and inadequate for clinical practice.

5.5.2. Grape Seed Extracts

The agents with low cytotoxicity have been widely investigated, such as crosslinkers
derived from natural grape seeds known as proanthocyanidin [143–145] and carbodi-
imides [103,146]. In contrast to the aldehydes, they can be easily used in daily clinical
practice due to the fact that they are biocompatible and are not cytotoxic [134]. In dentistry,
1-ethyl-3-(3-dimethylamino-propyl) carbodiimide (EDC) is the most extensively studied
carbodiimide [143–145]. Ionized carboxyl groups in proteins react with the functional group
of EDC and form an intermediate compound known as O-acylisourea. This intermediate
product forms a steady covalent-amide bond between the two proteins by reacting with
lysine and hydroxylysine amino groups to aid amino cross-linkages with collagen. EDC
has a dual function; firstly, in collagen, EDC cross-links with both telopeptide and helical
domains, whereas, at the same time, EDC prevents telopeptidase activity [147]. A similar
bond strength was found in the resin dentine interface preservation for both EDC and
GD [148], but in contrast, EDC showed much lower cytotoxicity. The stiffness of both the
demineralized dentine matrix as well as the hybrid layer has been well documented with
EDC [149–151]. It was demonstrated that, when EDC was applied on acid etch dentine and
stored in artificial saliva for 1 year, it deactivated MMPs efficiently. Dentine powder was
studied in this research with the help of zymographic assays [148], and three-dimensional
in situ zymographic images were obtained by confocal microscopy [103,146]. However,
the use of EDC is limited to clinical practice as it needs a relatively long time (1 h) to
cross-link to collagen [152]. Similarly, the cytotoxic effects of 5% GA and EDC in varying
concentrations on odontoblast-like cells with dentine barriers were studied by Scheffel
et al. [153], and they found that lower concentrations of EDC (0.1, 0.3, and 0.5 M) and 5%
GA did not produce trans-dentinal cytotoxic effects on odontoblast-like cells.

5.5.3. Plant-Derived Cross-Linking Agents

The most widely reported plant-derived cross-linking agents used in dentistry are
genipin, tannins (polyphenolic compounds), oligomeric proanthocyanidins, and curcumin
due to their high potency and low cytotoxicity [102,139,145,154]. These cross-linking agents
reinforced the hybrid layer and improved the resin-dentine bonds by reacting with degrada-
tion products, resulting in the late polymerization of adhesive resin [155]. These antioxidant
substances that possibly prevent MMP activity in the dentine also promote non-enzymatic
collagen cross-linking. The elastic strength increases with an increase in the degree of cross-
linking of the collagen [156]. Dentine biomodification increases the mechanical properties
of demineralized dentine through nonenzymatic collagen cross-linking [157,158]. Proan-
thocyanidins are derived from grape seeds and improve the tenacity and elastic modulus
of demineralized dentine [159]. However, they are considered unsuitable clinically due to
their lengthier (10–60 min) application duration [138]. Moreover, brown pigmentation in
dentine, as well as polymerization inhibition of resin monomers due to a decrease in the de-
gree of conversion, has been observed with these agents [160,161]. The cross-linking effect
is also accomplished by photochemical treatment and physical agents apart from chemical
compounds [160,161]. These treatments and agents could be drying, heating [162], and
ultraviolet A (UVA) [163] and gamma irradiation. Glutaraldehyde [116], EDC [146,147,164],
and similar cross-linking agents [165,166] derived from plants have the capabilities to react
with collagen-degrading enzymes.

5.6. Residual or Unbound Water Removal within the Hybrid Layer

One of the greatest challenges of highly cross-linked resin polymers is that they
undergo phase changes due to their poor solubility in water [64]. Therefore, manufacturers
prepare commercial adhesive systems in a variety of solvents such as ethanol to warrant
the single phase of resin adhesives during clinical application. When adhesives containing
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solvent are applied on moist acid-etched dentine, microscopic phase changes are observed
in the adhesives. Pashley et al. [167] demonstrated the solution to this problem by replacing
the water rinse with ethanol in the wet-bonding technique, which resulted in dentine
saturation by ethanol, not with water. Similarly, Tay et al. [168] reported that, when
bis-GMA was applied to ethanol-saturated dentine, excellent resin–dentine bonding was
achieved. The danger of phase separation can be avoided completely by using ethanol
containing adhesives to dentine treated with ethanol by reducing the residual water at
the dentine-resin interface [169]. Due to water absence in the hybrid layer, the collagen
matrix may not be cleaved by matrix proteases. However, in the water-wet bonding
approach, hydrophobic infiltration of resin adhesives is much less than in ethanol wet-
bonding [20,170]. It is well documented that demineralized dentine and ethanol can replace
and remove unbound water [171]. Jee et al. [98] determined in their study whether bound
water can be replaced by collagen matrices and found that the tightly bound first layer and
the second layer of water cannot be replaced by ethanol in collagen, although most of the
bound water in the outermost layer was substituted by ethanol.

5.7. Calcium-Chelation Dry Bonding

The acid etchant (37% phosphoric acid) used during the adhesive process completely
demineralized the collagen fibrils because of its molecular weight, which is around 100 Da,
which can easily pervade throughout collagen fibrils [172,173]. Molecules with a molecular
weight smaller than 600 Da can enter collagen fibrils easily, and all molecules with a
molecular weight larger than 40 KDa cannot permeate into collagen fibrils easily [169,170].
Keeping this point in mind, studies have used calcium chelator (sodium polyacrylate)
instead of phosphoric acid [172,173]. They used 15 wt.% calcium chelators with a molecular
weight of about 225,000 Da, which is large enough to permeate collagen. After 30 s of
chelation, water rinsing and air-drying were carried out, due to which the reaction was
stopped. This will lead to the preservation of inter-fibrillar gaps for monomer diffusion
inward and those absorbed into the hybrid layer, and only apatite mineral was removed
from the extrafibrillar space [174]. In this approach, collagen fibrils remained too stiff to
shrink or collapse even after the removal of residual water, as the collagen fibrils remained
completely mineralized [174].

5.8. Biomodification of Dentine

To enhance the physical and mechanical properties of dental hard tissue, advance-
ments in biomodification have been made by modifying the biochemistry of these dental
hard tissues by incorporating or inducing physical agents [134]. One of the most signif-
icant physical agents used as biomodification is photo-oxidative techniques [134]. This
technique utilized ultraviolet light, which requires the most reactive and unstable type of
oxygen singlet for activation. This type of oxygen singlet can be provided by vitamin B2
(riboflavin). Cross-linking occurs between the proline and hydroxyproline of side chains
(carbonyl groups) and the glycine of a collagen chain (amino group). These oxygen singlets
form covalent bonds when activated by ultraviolet light [134].

5.9. Ethanol Wet Bonding

The prime factor involved in the adhesive bond strength durability is the hydrolytic
degradation of adhesives. Hydrophilic and ionic monomers have been added to these
adhesives to ensure the proper hybridization of wet collagen matrix [8,175,176]. Mechan-
ical properties of these hydrophilic adhesives were found to be compromised, as these
polymers contain ester linkages and they are susceptible to water sorption and/or hydrol-
ysis [8,175,176]. A 12-month in vivo study conducted by Brackett et al. [177] concluded
that, despite preserving the adhesives with CHX, water-related loss of nano-fillers was
observed. In a few studies, loss of bond strength was found despite containing CHX and
other enzyme inhibitors [8,175,176]. This loss of strength in adhesive resins might be due
to polymerized hydrophilic adhesives, water sorption, or adhesive monomer degradation.
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These studies concluded that if water is eliminated from the bonded interface, then water
hydrolysis of peptide bonds in collagen and ester-bonds in adhesive polymers might possi-
bly be reduced. This has been the main objective of introducing the concept of ethanol-wet
bonding [177]. The phenomenon behind this concept is that acid-etched demineralized
dentine matrices that were dehydrated by the ethanol aided the penetration of higher
hydrophobic monomers into the interfacial dentine and reduced the collagen hydrophilic-
ity [177]. Ethanol-wet bonding wheedles the infiltration of hydrophobic monomers to
demineralize collagen with restricted matrix shrinkage [167]. Water sorption/solubility
and resin plasticization decrease because of the infiltration of hydrophobic monomers. In
addition, it has been suggested that improved durability of the resin bond occurs, resulting
in decreased enzyme-catalyzed hydrolytic collagen degradation because of the elimination
of residual water [35,178], and the hybrid layer generated with ethanol-wet bonding also
resulted in outstanding durability of resin bond strength and an almost complete absence
of nano-leakage [179].

5.10. Resin Matrix Reinforcement with Remineralizing Fillers

As in the previous section, it was discussed that not only enzymatic degradation
will degrade the hybrid layer, but chemical degradation also played a significant role in
the degradation of adhesive durability. Fillers and nanoparticles are included in the top
priority list to use as reinforcing adhesives materials [180]. Several studies have demon-
strated an increased bond strength and enhanced mechanical and physical properties of the
adhesives after the incorporation of copper [180], carboxylic acid-functionalized titanium
dioxide [181], silver micro-fillers [182], and zinc oxide [183] nanoparticles. To improve the
bond strength of the commercial three-step etch-and-rinse adhesive system (Scotchbond™
3M ESPE, St Paul, MN, USA), Zirconia nanoparticles were incorporated by Lohbauer
et al. [184] into the primer or adhesive. The incorporation of these particles resulted in
improved resistance to the hydrolytic process, which might increase the durability of the
dentine-resin bond. The rate of the bond degradation will reduce when hydrolysis is
diminished due to the reduced water uptake that retarded the proteases activity, leading
to the formation of a stronger hybrid layer [161]. Nanotubes are a hexagonal network of
carbon atoms that are extremely strong and stiff and have excellent thermal and electrical
properties, and they were also incorporated as fillers to resin-based restorative materials
to reinforce the resin matrix [185] and thus the resin-dentine bond strength [186,187]. The
incorporation up to 20 wt.% of nanotubes in the etch-and-rinse adhesive system and up
to 10 wt.% in Self Etch adhesives system have resulted in increased bond strength [183].
The most fascinating quality of nanotubes is the possibility of expanding the cylindrical
hollow structure as a medium for the encapsulation of therapeutic molecules as well as
protease inhibitors [188]. Feitosa et al. [188] reported that an inhibitor of MMPs (doxy-
cycline) was encapsulated into nanotubes and then incorporated into an adhesive resin,
and it was able to inhibit MMP-1 activity without compromising bond strength results.
Similarly, nanotubes can be used as a vehicle for the encapsulation of biomimetic agents
to prevent bond degradation due to the release of MMP inhibitors, antioxidants, and
collagen crosslinkers [188]. Although dental adhesive reinforcement with nanoparticles
is an excellent strategy, the beneficial effects due to nanoparticle incorporation are very
vulnerable due to agglomeration or the inhomogeneous dispersion of nanofillers in the
resin phase, which may reduce the bond strength and physical stability of the adhesive
materials [188]. Usually, there is a threshold for filler loading into adhesives, and it depends
on the composition of the adhesives and filler type [189].

5.11. Laser Treatment Prior to Bonding

For bond strength enhancement, laser irradiation of enamel/dentine has been uti-
lized [190,191]. Erbium-doped Yttrium Aluminum Garnet (Er,YAG) [190,191] and plasma-
based lasers [192,193] are the two key sources of lasers that are employed in dentistry. The
key factors that contribute to the success of dental bonding are the smear layer removal,
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organic content, and water evaporation, and an increased surface area was obtained by
Er,YAG laser irradiation [191]. Preceding bonding when dentine is treated with non-thermal
atmospheric pressure plasma (NTAPP) laser, it was found that it aided with improved
immediate bond strength as well as long-term bond stability after ageing [192]. This might
be because carboxyl and carbonyl groups are grafted by the laser application onto the
dentinal substrate, which will enhance the chemical and mechanical interaction of the resin
monomers. Moreover, positive effects were found when oxidizing agents were used on the
dentine before laser application [190], and the authors found a greater resin-dentine bond
strength when the Er,YAG laser application on dentine was performed after bleaching. It
was demonstrated that increased releases of free radicals were found after the laser during
bleaching and made the surface of dentine such that it received adhesives monomers in
a better tactic. This will increase the durability of the dentine and resin bond strength.
Correspondingly, an efficient method to enhance the resin dentine bond strength is utilizing
a non-thermal argon plasma laser for 30 s on sodium hypochlorite-treated dentine [193].
This increase in strength might be due to increased hydrogen bonding interaction between
collagen fibrils and adhesive resins after the dentine etching [193].

6. Biomimetic Remineralization

In recent decades, biomimetic has developed as a multi-disciplinary approach in
dentistry. There are several biomimetic approaches utilized in the field of restorative
dentistry; an example is a tooth that was restored using bioinspired peptides, bioactive
biomaterials, and biomimetic tissue regeneration to achieve remineralization [194]. To
improve the strength properties of adhesive materials, developments in the contemporary
adhesive materials and understanding at the nanoscale of biomaterial–tissue interaction
are continuously investigated and evaluated [194]. The most ideal, novel, and exciting
approach to prevent the collagen fibrils from degradation is biomimetic remineralization.
Biomimetic remineralization involves the leaching of ion-releasing materials that simulate
the natural remineralization process [195,196]. This process removes the residual water
from water-rich regions and intrafibrillar spaces of the hybrid layer by inactivating pro-
teases and reducing collagen degradation. These phenomena increase and restore the
strength of the hybrid layer by replacing fibrils with apatite crystallites as well as preserve
the durability of the resin-dentine bond interface by preventing the exposed collagen from
external challenges [195,196]. There are two types of biomimetic remineralization that
occur in adhesive dentistry:

(a) The first approach cannot occur in demineralized dentine where apatite crystals are
absent. In this type of remineralization, the remaining mineral crystals act as templates
for the regrowth of apatite crystals [197].

(b) The second type of biomimetic remineralization involves incorporating polyanions
(polyacrylic acid/polyaspartic acid) and apatite nucleation, resulting in biomimetic
remineralization [197].

The carious lesions may lead to the exposure of the collagen fibrils due to the loss
of minerals from the dentine. This will lead to the degradation of the collagen fibrils
and the deterioration of the mechanical properties of the dentine [196]. Moreover, during
restorative and adhesive procedures, various type of techniques and agents are used, such
as acid etching, acidic monomers, and chelating agents, that cause the demineralization of
dentine and enamel. In addition, partial infiltration of collagen fibrils with resin monomers
will cause the micro-permeability and nano-leakage of hybrid layers, especially in the con-
temporary adhesive system [197]. In addition these systems are not able to remove collagen
fibrils, further compromising the properties of the polymeric adhesive system. Due to the
incomplete or partial infiltration of resin monomers, these hybrid layers consist of numer-
ous water-filled regions [197]. Insoluble collagen fibrils are slowly solubilized by these
that are water-filled. Remineralizing reagents such as nanometer-sized apatite crystallites
can be incorporated into these water-filled voids. Polyanions act as templates for specific
calcium-binding to promote the nucleation of appetites [197]. Moreover, intrafibrillar and
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interfibrillar remineralization of dentin collagen fibrils were very well demonstrated after
the application of non-collagenous protein (NCP) analogues [197].

6.1. Amorphous Calcium Phosphate (ACP)

When collagen fibrils were completely demineralized, amorphous calcium phosphate
(ACP) was used to achieve the biomimetic remineralization of adhesive resins [198]. To
induce growth and nucleation of appetite, this ACP will bind with collagen and serve
as a template. In order to produce crystals of apatite with the length that is the best fit
in the collagen gap, clusters of polyanions are incorporated around the ACP [198]. This
phenomenon is a self-limiting process that takes place inside the water trees (water-filled
voids) in the hybrid layer. ACP will slowly and gradually release the apatite in these
water trees to mineralize the dentine and enamel. Nevertheless, clinically, this process
does not yet seem to be useful, as in vitro lateral diffusion mechanisms were used for the
incorporation of the crystals in demineralized dentine [29]. From the practical point of
view, this in vitro concept must be translated into clinical trials; although it still has a long
way to go, once it is clinically acceptable, these open doors will pave a new revolution in
adhesive dentistry. The ossification of MMPs and the remineralization of collagen fibrils
occur when hydroxyapatite permeates into these water-filled spaces. Tay and Pashley [199]
used ACP in Portland cement for the remineralization of the collagen network by the
deposition of apatite crystals and found a meta-stable amorphous calcium-phosphate
in these cements. Numerous studies utilized such kinds of biomimetic analogs in the
adhesive resins [97,200,201], and they found that the extrafibrillar mineral deposits were
formed when mineralization was achieved without the biomimetic analogues. Similarly,
biomimetic analogues were directly bonded to the collagen network instead of biomimetic
phosphoproteins into the solution and dentinal collagen complete remineralization in a
few months [202,203].

6.2. Phosphoproteins Analogues

Phosphoproteins analogues play a very significant role in the maturation and miner-
alization and process for biomimetic remineralization. Without these analogues, incom-
plete maturation and mineralization occurs [97,200,201,204]. When adhesives (Etch and
Rinse [202]), Self-Etch adhesives [203], and primers were incapacitated with phosphopro-
tein biomimetic analogue investigators observed after 3 months of storage, Etch and Rinse
adhesives were found to be increased in microtensile bond strength, and after 6 months
of storage, Self Etch adhesive increased in bond strength. Because of many limitations,
this technique is not a routine practice in dentistry. When the biomimetic approach was
applied to Etch and Rinse adhesives, both intrafibrillar and extrafibrillar compartments
were occupied by the apatite crystals, whereas when this approach was applied in Self Etch
adhesives, only intrafibrillar spaces were deposited by the apatite crystals [205,206]. For the
remineralization of completely demineralized dentine, usually 3–4 months are required.

6.3. Polyvinylphosphoric Acid Analogue

Better mechanical properties of the dentine can be obtained using polyvinyl phospho-
nic acid as biomimetic analogue. This strategy inhibits the endogenous MMPs of dentine
through biomimetic remineralization and prevents collagen degradation [128]. It was a
documented fact that the strength of the resin dentine interface decreases after 12 months
of storage prior to biomimetic remineralization, but the strength after the remineralization
long term storage will prevent the durability of the adhesive resin bond [207]. Although
these treatments need to be optimized and take additional time for application, they also
promise a durable bond over time due to the inactivation of the endogenous proteases of
dentine [60].

63



Coatings 2022, 12, 1094

6.4. Bioactive Silicates

One of the strategies to induce biomimetic remineralization is to combine hydrophilic,
biodegradable polymers with sodium/calcium phosphosilicate bioglass (bioactive silicates)
to decrease collagen degradation [208]. These silicate adhesives showed biological activ-
ity when encountered with biological fluid and will produce ionic dissolution products;
therefore, they act directly at the level of the hybrid layer. However, this spectacle needs
to be further discovered, because in a study, researchers found a decrease in mechanical
properties of adhesives and an increase in the bioactivity. Because of the decrease in me-
chanical properties, bond durability will be compromised [209]. Sauro et al. [202] induced
biomimetic remineralization by incorporating phosphoproteins in acid etch dentine and
reported that the ion-releasing resin adhesive resulted in biomimetic remineralization due
to the release of calcium silicate from adhesive resins [202].

6.5. Fluoride

Tooth remineralization also occurs because of an important element known as fluo-
rine [210]. Thus, an adhesive containing fluoride is superior for the hybrid layer strength-
ening, prevention of secondary caries, and preservation of degradation of the resin dentine
bond. Nonetheless, the use of fluoride as a biomimetic analogue is questionable, as
biomimetic remineralization requires the seeding of apatite crystallites to remineralize the
collagen matrix [60]. Authors in another study incorporated fluoride in resin adhesives and
emphasized the significance of fluoride-containing adhesives. They found that, after water
storage, the bond strength to dentine was significantly increased [211]. However, there is a
dearth of literature in this context, and further investigation will be needed [60,161,209].
Overall, regarding adhesive dentistry, all biomimetic remineralization/biomimetic “smart”
materials are new and require further investigations.

7. Conclusions

Long-term degradation of dentine-bonded interfaces due to the aging of these adhe-
sives is a major drawback. To enhance the adhesion of resin dentine durability, experimental
strategies have been developed with varying success rates. This includes improving the
dentine resistance of the collagen matrix to the degradation by enzymes and by prevent-
ing collagenolytic activity intrinsically. Using nanotechnologies and other innovative
techniques, improvements in the conventional materials and a translation into contem-
porary materials are needed. These improvements could include the inhibition of MMPs
and cathepsins, strengthening of the collagen scaffold, antimicrobial properties, colla-
gen strengthening, and regenerative processes of dental hard tissue. In the next coming
years, advancements in technology used to resist collagenolytic hydrolysis and form stable
resin–dentine bonds will be available.

8. Limitations

After the minimal cavity preparation, when a thicker layer of dentine is affected by the
carious lesion, non-homogenous water saturated matrices of resin infiltration occur. The
regions where water is in excess and resin is scant will damage over the period of 1–2 years.
Moreover, they will undergo fatigue failure due to extreme cyclic strain. To prevent such
degradation, demineralized collagen fibers should be remineralized by mineral deposition
both intra- and extrafibrillarly. Currently, the dental industry and researchers are more
focused on the formulation of the passive adhesive system rather than the development of
materials with more clinical longevity that can easily be used in dental practice. These new
passive light-curable resin-based materials might cause a toxic reaction by the release of
the components.
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Abstract: (1) Objective: The aim of this study was to compare the demineralization around brackets
bonded with different types of adhesive agents in a cariogenic suspension environment. (2) Methods: In
the study, 60 extracted upper first premolar teeth were divided into three groups with 20 teeth in each
group. In Group 1, Transbond XT Primer + Transbond XT Light Cure Adhesive (3M Unitek, Monrovia,
CA, USA), in Group 2, GC Ortho Connect Light Cure Adhesive (GC Crop, Tokyo, Japan) and in Group
3, Transbond™ Plus Self Etching Primer + Transbond XT Light Cure Adhesive (3M Unitek, Monrovia,
CA, USA) adhesive agents were used. In Group 1 and 2, buccal enamel surfaces were etched for 30 s,
washed for 15 s and dried for 15 s. All groups were bonded with Gemini metal (3M Unitek, Monrovia,
CA, USA) brackets. Gingival, occlusal and proximal enamel surfaces of the brackets were measured
with a DIAGNOdent pen (KaVo, Biberach, Germany), and demineralization values were recorded.
Measurements were performed after bracketing (T0) and after 28 days in a cariogenic environment
(T1), which was renewed every 48 h. The Kolmogorov–Smirnov test was used to determine whether
or not the data were homogeneously distributed, the Wilcoxon test was used for comparisons within
groups, and the Mann–Whitney U and Kruskal–Wallis tests were used for comparisons between groups.
(3) Results: In all groups, demineralization values on all enamel surfaces of the brackets were found to
be statistically significantly higher in the T1 period than in the T0 period (p < 0.05). In the T1 period,
demineralization values of occlusal enamel surfaces in Groups 1 and 2 were found to be significantly
higher than in Group 3 (p < 0.05). The amount of increase in occlusal enamel surface demineralization
value between T0 and T1 periods in Groups 1 and 2 was significantly higher than in Group 3 (p < 0.05).
There was no statistically significant difference in demineralization values of proximal and gingival
enamel surfaces between the groups in the T1 period (p > 0.05). (4) Conclusion: Significantly less occlusal
enamel surface demineralization was observed in teeth in which the Transbond™ Plus Self Etching
Primer adhesive agent was not applied with acid etching.

Keywords: orthodontics; bracket; adhesive; bond; artificial saliva; Streptococcus mutans; cariogenic
environment; demineralization; DIAGNOdent

1. Introduction

In fixed appliances, the bands and brackets bonded to the teeth create retention areas
for dental plaque, bacteria and food on the tooth surfaces [1].

For tooth caries to occur, there must be cariogenic bacteria, a sensitive tooth surface,
time for the lesion to develop and nutrients for the bacteria. Streptococcus mutans creates
strong biofilms on tooth surfaces, quickly metabolizes a wide range of carbohydrates from
the host diet and endures numerous (and frequent) environmental challenges encountered
in oral biofilms. Streptococcus mutans is a cariogenic organism. Cariogenic bacteria are the
primary agents of initial caries; they adhere to the enamel, produce and tolerate acid and
thrive in a sucrose-rich environment [2].
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Excessive and frequent consumption of refined carbohydrates, along with the failure
to remove plaque from retentive areas, accelerates the demineralization of tooth enamel.
This situation disrupts the balance of remineralization and demineralization. Orthodontic
bands and brackets placed on the teeth used in orthodontic treatment cause new retentive
areas for plaque on the flat surfaces of the teeth with low caries prevalence. No matter how
much patients pay attention to their oral hygiene during orthodontic treatment, auxiliary
attachments such as fixed functional appliances, orthodontic arch wires, springs, loops,
auxiliary arches and ligatures used during treatment create areas that are difficult to reach
and clean [1]. It prevents the oral hygiene of the patients from remaining at the healthy
level. Cariogenic activity increases with orthodontic treatment [3].

Increased demineralization causes the development of clinically visible white spot
lesions on teeth. The clinical appearance of white spot lesions has a chalky white opacity
and is defined as subsurface enamel pores resulting from demineralization [4]. Decalcified
and porous enamel’s changes in light scattering give it a white appearance [5]. When
using fixed appliances for orthodontic treatment, white spot lesions are a frequent and
unpleasant side effect. Within four weeks, or the time between two appointments for
orthodontic treatment, these initial carious lesions can start developing [6]. The literature
has shown that between 2% and 97% of patients undergoing fixed orthodontic treatment
have white spot lesions [7–9]. The use of contemporary detection methods indicates a
higher prevalence of white spot lesions than with the naked eye (97%) [8].

White spot lesions must be diagnosed as soon as possible in order to apply preventative
measures and detect tooth integrity before it is compromised [4]. Without early detection
and preventative measures, white spot lesions can advance rapidly and result in irreversible
material loss on the teeth. The need for restoration arises in teeth with material loss [4].
In patients undergoing orthodontic treatment, fluoride varnishes are frequently used to
increase mineralization and prevent demineralization before and after bonding. However,
there are studies showing that the use of fluoride varnish before bonding reduces shear
bonding strength (SBS) [10].

During the traditional acid etching method, the enamel preparation steps (acid etching,
rinsing, drying and application of bonding agent) should be done properly. Loss of surface
enamel and weakening of subsurface enamel can be seen in total-etch systems [11]. It
can cause the enamel surface to split or break during debonding due to strong acidic
conditioning liquid or prolonged etching [11]. It is quite often repeated that the use of self-
etch primers produces a milder etching pattern than 37% phosphoric acid does [12,13]. The
application of self-etch primers reduces the amount of adhesive remaining after debonding,
thus reducing the invasive procedures required to clean the enamel surface [14].

This study was aimed at evaluating and comparing the enamel demineralization
around the brackets bonded to the extracted human maxillary first premolars by using
three different types of orthodontic adhesive agents and measuring with a laser fluorescence
method, DIAGNOdent pen, in an artificial cariogenic suspension environment.

The null hypothesis was that no difference exists between demineralization around
brackets bonded with different adhesive agents in the cariogenic suspension.

2. Materials and Methods
2.1. Preparation of Samples and Bonding

The study was carried out using 60 upper first premolars extracted for orthodontic
treatment from patients referred to Zonguldak Bulent Ecevit University, Department of
Orthodontics. Ethics committee approval was obtained prior the study, dated 9 February 2022
and numbered 2022/03, from Non-Invasive Clinical Research Ethics Committee of Zonguldak
Bulent Ecevit University.

The teeth included in the study had no fluorosis on the enamel, caries, fillings, restora-
tions, cracks or fractures [15–17]. The evaluation of the freshly extracted teeth was done
with the naked eye. The patient’s age, gender and the quadrant in which the teeth were
extracted were neglected.
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The teeth were stored in a 0.1% thymol solution until study [18]. The storage period of
the teeth did not exceed six months [19]. The sample size of the study, in which the effect
size was calculated using the mean and standard deviation of the groups, was performed
by the G*Power 3.1.9.7 program. α error probability was set at 0.05. The power of the study
(1 – α error prob) was set at 0.95. According to these data, the actual power of the study was
calculated as 96%, and total sample size should have been 54. Sixty maxillary first premolars
were divided into three groups, each group consisting of 20 teeth. Before bonding, roots of
teeth were removed from the crowns with the use of a separator disc under water cooling
along the enamel–cementum border of the teeth. The pulp chambers exposed after the
incision were cleaned with a probe, and the pulp chambers were filled with a flowable
composite [20]. A 3M ESPE Elipar S10 curing light (1200 Mw/cm2 and a wavelength of
430–480 nm) was used for 20 s for the polymerization of the flowable composite. The
flowable composite was polished with polishing discs to prevent a microbial retention
area. The buccal surfaces of the teeth were cleaned with a rubber band and pumice before
bonding (see Figure 1a). A 4 × 4 mm windowed acetate sheet was used to seal off the area
where the bracket would be bonded to the buccal enamel surfaces. Using an acetate sheet
limited the enamel surface that could be etched and adhered. Thus, the potential retentive
enamel surface area caused by acid etching was reduced.

Figure 1. (a) Teeth whose roots were removed with a separator disc before bonding; (b) bonded tooth
sample; (c) Streptococcus mutans medium; (d) artificial saliva solution; (e) specimen ready to be placed
in the incubator; (f) specimens placed in an incubator on a Thermolyne Maxi-Mix III Type 65800
Rotary Shaker (Thermo Scientific, Iowa, IA, USA).

In Group 1, 37% orthophosphoric acid gel for acid etching was applied to the buccal
enamel surfaces encircled by the acetate sheet for 30 s. After acid etching, the enamel surface
was washed for 15 s and dried for 15 s. Transbond XT Primer (3M Unitek, Monrovia, CA,
USA) was applied in a thin layer to the etched enamel surface. Then, brackets loaded with
Transbond XT Light Cure Adhesive Paste (3M Unitek, Monrovia, CA, USA) were carefully
placed on the teeth in the correct position.

In Group 2, 37% orthophosphoric acid gel for acid etching was applied to the buccal
enamel surfaces encircled by the acetate sheet for 30 s. After acid etching, the enamel
surface was washed for 15 s and dried for 15 s. Then, brackets loaded with GC Ortho
Connect Light Cure Adhesive Paste (GC Crop, Tokyo, Japan) were carefully placed in the
correct position.

In Group 3, a thin layer of Transbond Plus Self Etching Primer (3M Unitek, Mon-
rovia, CA, USA) was applied to clean plaque-free enamel surfaces on which acetate-sheet-
bounded brackets would be located. Air was applied lightly to the surface with an air
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syringe. Then, brackets loaded with Transbond XT Light Cure Adhesive Paste (3M Unitek,
Monrovia, CA, USA) were carefully placed on the teeth in the correct position.

All samples were bonded with Gemini metal (3M Unitek, Monrovia, CA, USA) brack-
ets (see Figure 1b). Adhesive flashes during bracket placement were removed with a
probe and a 3M ESPE Elipar S10 (3M ESPE Dental Products) curing light source with a
light intensity of 1200 Mw/cm2 and wavelength of 430–480 nm used for adhesive paste
polymerization. During the polymerization, a total of 20 s of light was applied from the
mesial and distal sides of brackets for 10 s. The ingredients of the adhesive agents used in
the study are given in Table 1.

Table 1. Composition on ingredients of adhesives.

Ingredients wt% Manufacturer

3M™ Unitek™ Transbond™
XT Primer

Bisphenol A Diglycidyl Ether Dimethacrylate (BISGMA) 45–55
3M Unitek, Monrovia,

CA, USA
Triethylene Glycol Dimethacrylate (TEGDMA) 45–55

4-(Dimethylamino)-Benzeneethanol <0.5

3M Unitek Transbond XT
Light Cure Adhesive

Silane Treated Quartz 70–80

3M Unitek, Monrovia,
CA, USA

Bisphenol A Diglycidyl Ether Dimethacrylate (BISGMA) 10–20
Bisphenol A Bis (2-Hydroxyethyl Ether) Dimethacrylate 5–10

Silane Treated Silica <2
Diphenyliodonium Hexafluorophosphate <0.2

3M™ Unitek™ Transbond™
Plus Self Etch Primer Part A

2-Propenoic acid, 2-methyl-, 2-hydroxyethyl ester,
reaction products with phosphorus oxide (P2O5) >95

3M Unitek, Monrovia,
CA, USA

DL-Camphorquinone <2
N,N-Dimethylbenzocaine <2

4-Methoxyphenol <0.2
Hydroquinone <0.1

3M™ Unitek™ Transbond™
Plus Self Etch Primer Part B

Water >98 3M Unitek, Monrovia,
CA, USADipotassium Hexafluorotitanate <2

GC Ortho Connect Light
Cure Adhesive

Esterification products of 4,4′-isopropylidenediphenol,
ethoxylated and 2-methylprop-2-enoic acid 25–50

GC Crop, Tokyo, JapanUrethane Dimethacrylate (UDMA) 25–50
methacryloyloxydecyl dihydrogen phosphate 2.5–5

6-tert-butyl-2,4-xylenol 0.25–0.5
diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide 0.2–0.5

2.2. Measurements of T0 with DIAGNOdent Pen

The DIAGNOdent pen (KaVo, Biberach, Germany) device used in the study was
calibrated for each tooth before measurement according to manufacturer’s instructions.

Measurements were performed on the occlusal, gingival and proximal enamel surfaces
around the brackets by holding the B tip perpendicular to these surfaces. After moving
the B tip of the DIAGNOdent pen 3–4 times on the occlusal and gingival surfaces, up and
down on the proximal surfaces, the value read on the screen of the device was recorded
as T0 [21]. The DIAGNOdent pen device recognizes its readings as fluorescence arbitrary
units (a.u.) and generates a score. A single proximal demineralization value was recorded
for each tooth by averaging the measurements performed on the mesial and distal proximal
surfaces. Measurements were repeated twice, and all measurements were made by the
same researcher (R.M.D.). The measurement room was illuminated with a 6400 K white
artificial light.

2.3. Preparation of Artificial Saliva and Cariogenic Suspension

Artificial saliva was prepared with the same formula as Toz Ertop et al. did [19].
Artificial saliva was prepared with 0.4 g of sodium chloride (NaCl), 0.4 g of potassium
chloride (KCl), 0.8 g of calcium chloride (CaCl2·2H2O), 0.78 g of sodium dihydrogen
phosphate (NaH2PO4·2H2O), 0.005 g of sodium sulfate (NaS·9H2O) and 1 g urea of in
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1000 mL of deionized water [19,22] (see Figure 1c). After the prepared artificial saliva
solution was sterilized in an autoclave, 140 mg of mucin (Mucin Type II; SigmaAldrich
Chemie GmbH, Deisenhofen, Germany) was added per 100 mL of artificial saliva solution.
Adding mucin was aimed at accelerating the development of pellicle formation [19,23].

Bacteria stock culture were taken from Zonguldak Bulent Ecevıt University, Faculty
of Medicine, Department of Medical Microbiology. Streptococcus mutans culture incu-
bated on blood agar from a stock culture was used to prepare the cariogenic suspension
(see Figure 1d). A bacterial suspension equivalent to 0.5 McFarland (108 cfu/mL) turbidity
was prepared in brain–heart infusion broth with bacteria taken from the medium. The
sucrose solution was prepared as 1 g/10 mL distilled water and passed through a sterile
0.22 µm syringe filter. An artificial cariogenic suspension with a turbidity of 106 cfu/mL
was obtained by adding 0.5 mL of sucrose solution and 0.5 mL of bacterial suspension for
each 49 mL of artificial saliva solution [19].

2.4. Cariogenic Suspension Environment

Bonded tooth samples and U-bottom centrifuge tubes to be used were sterilized in an
autoclave to prevent contamination. Each tooth sample was placed in a tube. Two milliliters
of artificial cariogenic suspension was added to the tubes (see Figure 1e). The tubes were
placed in a Thermolyne Maxi-Mix III Type 65800 Rotary Shaker (Thermo Scientific, Iowa,
IA, USA) on a tray. The rotation speed was set to 20 rpm. The homogeneous interaction
of the artificial cariogenic suspension with all the teeth was done with the use of a rotary
shaker. The prepared samples were incubated for 28 days at 37 ◦C in a 10% CO2 atmosphere
on a rotary shaker placed in incubator (see Figure 1f). During the incubation period, the
artificial cariogenic suspension and the used U-bottom centrifuge tubes were renewed
every 48 h. After 28 days, the teeth were removed from the cariogenic suspension and
washed with distilled water.

2.5. T1 Measurements with DIAGNOdent Pen

After 28 days, enamel demineralization on the occlusal, gingival and proximal enamel
surfaces around the brackets was remeasured with the DIAGNOdent pen. Measurement
results were recorded as T1. The measurements were made with the same method and
environment as for T0 measurements.

2.6. Statistical Analysis

SPSS (Statistical Package for Social Sciences) 28.0 (SPSS Inc., Chicago, IL, USA) was used
for statistical analysis. The Kolmogorov–Smirnov test was used to determine whether or not
the data were homogeneously distributed, the Wilcoxon test was used for comparisons within
groups, the Mann–Whitney U and Kruskal–Wallis tests were used for comparisons between
groups. The level of significance chosen for all statistical tests was p < 0.05.

3. Results

In the T0 period, all enamel surface demineralization values adjacent to the bracket
in all groups did not differ significantly between the groups (p > 0.05). In all groups, all
enamel surface demineralization values adjacent to the bracket in the T1 period increased
significantly compared to those of the T0 period (p < 0.05). In all groups, the gingival and
proximal enamel surface demineralization values adjacent to the bracket in the T1 period
did not show a statistically significant difference between the groups (p > 0.05). The change
in the demineralization values of the gingival and proximal enamel surface adjacent to the
bracket in the T0/T1 period did not show a statistically significantly difference in all groups
(p > 0.05). The increase in the demineralization values of the gingival enamel surfaces
adjacent to the bracket was seen the most in Group 1 and the least in Group 3, but these
differences were not statistically significant (p > 0.05). The increase in proximal enamel
surface demineralization values adjacent to the bracket was seen the most in Group 2 and
the least in Group 3, but these changes were not statistically significant (p > 0.05).
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Occlusal enamel demineralization values adjacent to the bracket in Group 1 and Group
2 in the T1 period showed a statistically significant increase compared to that of Group 3
(p < 0.05). No statistically significant difference was found between the demineralization
values measured on the occlusal surface adjacent to the bracket in Group 1 and Group
2 in the T1 period (p > 0.05). In Group 1 and Group 2, the amount of increase in the
demineralization value of the occlusal surface adjacent to the bracket in the T0/T1 period
was significantly higher than in Group 3 (p < 0.05). In Groups 1 and 2, the amount of
increase in the demineralization value of the occlusal surface adjacent to the bracket in
the T0/T1 period did not show a statistically significant difference between the groups
(p > 0.05). Statistical analysis results of demineralization values in T0, T1 and T0/T1 periods
are given in Table 2.

Table 2. Demineralization values on the enamel surface adjacent to the brackets at T0, T1 and
T0/T1 periods.

Group 1 Group 2 Group 3 p

Occlusal

T0 Median 3.00 3.00 2.50 NS

T1 Median 6.00 3 7.00 3 5.00 1,2 0.003 K

T0/T1 difference Median 4.00 3 4.00 3 3.00 1,2 0.003 K

Intra-Group difference p 0.000 w 0.000 w 0.000 w

Proximal

T0 Median 3.00 2.50 2.75 NS

T1 Median 7.00 7.00 7.00 NS

T0/T1 difference Median 4.50 4.25 4.00 NS

Intra-Group difference p 0.000 w 0.000 w 0.000 w

Gingival

T0 Median 3.00 3.00 3.00 NS

T1 Median 10.00 10.00 10.00 NS

T0/T1 difference Median 7.50 7.00 7.00 NS

Intra-Group difference p 0.000 w 0.000 w 0.000 w

K: Kruskal–Wallis (Mann–Whitney U test); w: Wilcoxon test; T0: before placement in cariogenic environment;
T1: 28 days after placement in cariogenic environment; p < 0.05: level of significance considered; 1 difference
with Transbond XT primer + Transbond XT adhesive group p < 0.05; 2 difference with GC Ortho Connect group
p < 0.05; 3 difference with Transbond Plus primer + Transbond XT adhesive p < 0.05; NS: not significant.

4. Discussion

The areas where the appliances used in fixed orthodontic treatment are placed are not
generally caries-prone areas [24,25]. Toz Ertop et al. kept the bracketed teeth in a cariogenic
suspension that they renewed every 2 days for 28 days and observed demineralization
in all teeth [19]. In this study, statistically significant increases in demineralization values
were found on all enamel surfaces adjacent to the bracket 28 days after all groups were
placed in the cariogenic environment. There is a study showing that the use of biomimetic
hydroxyapatite is appropriate to treat demineralization around the bracket and to increase
enamel mineralization [26].

Visel et al. compared the effects of a self-etch adhesive system (Transbond Plus) and
a conventional total-etch adhesive system (Transbond XT) on demineralization around the
bracket in vivo and observed that the enamel samples which were conditioned with the
self-etching fluoride-releasing primer (Transbond Plus) displayed the highest degree of rem-
ineralization [27]. Montaseer et al. in their study examining the potential protection effect
of different treatments against demineralization around orthodontic brackets reported that
applying the Transbond Plus Self Etching primer to the enamel surface before demineral-
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ization showed significantly less demineralization and more resistance to demineralization
than the enamel surfaces that did not undergo any treatment in vitro did [28]. These studies
support the fact that less demineralization was observed on the occlusal surfaces adjacent
to the enamel in the group in which the self-etch primer was used in our study. We could
suggest that time spans for remineralizations were produced as a result of the artificial saliva
solution in a cariogenic suspension medium, which was replaced every 48 h.

Kohda et al. stated in their study that the reason why self-etch primer application
shows statistically significantly less demineralization than phosphoric acid does could be a
result of the higher pH level of self-etch primers and shorter application time in vitro [29].
Narendran and Raghunath reported that the conventional total-etch (Transbond XT) group
causes a significantly more irregular structure on the enamel surface and found a deeper
penetration of 86.7% compared to that of the self-etch (Transbond Plus) group in their
study where they compared the demineralization around orthodontic brackets in vitro.
In addition, they stated that the Transbond Plus group underwent less demineralization
than the Transbond XT group did [30]. Ghandi et al. performed bracket bonding with a
self-etch adhesive system (Transbond Plus) and a conventional total-etch adhesive system
(Transbond XT). By decalcifying the bracketed teeth, the resin replicas remaining at the
base of the brackets were examined under a scanning electron microscope for micromor-
phological observation of adhesive penetration in the enamel in vitro. They stated that
there was significantly less enamel demineralization and resin infiltration in the self-etch
group, and that self-etch adhesive systems were more conservative than conventional
total-etch adhesive systems [31]. In our study, lower demineralization values were found
in the group in which the self-etch primer was used, and statistically significantly less
demineralization was observed on the occlusal surface of the enamel adjacent to the bracket
in the same group. This result can be explained by the fact that self-etch primers caused
more superficial changes on the enamel surface and had a higher pH level.

Hung et al. found significantly high fluoride release in the teeth they bonded with
Transbond Plus SEP and Transbond Plus adhesive, especially in the first 14 days in their
in vitro study [32]. Zrinski et al. also supported this finding in vitro and stated that Trans-
bond Plus SEP can release fluorine, but its capacity to store fluorine again is inadequate [33].
Krasniqi et al. compared the antimicrobial effects of different types of adhesive agents on
Streptococcus mutans and Lactobacillus acidophilus bacteria; they found that Transbond Plus
SEP was the agent with the largest inhibition area (antibacterial effect) against Streptococcus
mutans and Lactobacillus acidophilus among all groups. In the same in vitro study, they
found that the Transbond XT primer and adhesive did not show an antibacterial effect.
They thought that this result was related to fluorine release [34].

In this study, statistically significantly less demineralization observed in Group 3
on the occlusal surface adjacent to the bracket and less demineralization in Group 3 on
all surfaces adjacent to the bracket is supported by studies indicating that the self-etch
adhesive system causes less demineralization [14,27,28]. In this situation, it was thought
that the use of a self-etch adhesive system caused a more superficial change in the enamel.
Additionally, it may result in less irregular surfaces to which bacteria can adhere, and these
outcomes were influenced by fluorine’s antibacterial properties and its capacity to release
fluorine in Transbond SEP [14,32–34].

Turğut clinically evaluated the white spot lesion formation and bond failure of the
self-priming total-etch adhesive system for bonding orthodontic metal brackets in vivo [35].
In that study, 51 patients were bonded with a split-mouth study protocol using a self-
priming total-etch adhesive system (GC Ortho Connect) and a conventional total-ecth
adhesive system (Transbond XT). As a result of the study, it was stated that there was no
significantly difference between the GC Ortho Connect and Transbond XT groups in terms
of demineralization formation and bond failure [35]. In our study, enamel demineralization
on the gingival, occlusal and proximal enamel surfaces adjacent to the bracket measured at
T0, T1 and T0/T1 periods did not show a statistically significant difference between Group
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1 and Group 2. However, a statistically significant difference was observed in the occlusal
surface of Group 3; based on these findings, the null hypothesis was rejected.

Regarding the limitations of the study, in addition to the composite materials to which
bacteria can easily adhere, the patient’s diet may also be effective in the demineralization
of the hard tissues of the teeth. However, using an artificial cariogenic suspension environ-
ment simulated an intact surface layer and a subsurface lesion pattern [36,37]. Considering
the inadequacies of the artificial cariogenic suspension environment created in the in vitro
environment to fully simulate the oral flora, it is thought that further studies planned under
in vivo conditions are needed.

5. Conclusions

1. Significant increases in demineralization occurred on all enamel surfaces adjacent to
the bracket 28 days after placement in an artificial cariogenic suspension in all groups.

2. There was no statistically significant difference between Group 1 and Group 2 in the
demineralization values of enamel surfaces adjacent to the bracket after 28 days.

3. The null hypothesis was rejected. Demineralization values on the occlusal surfaces of
the brackets bonded using a Transbond™ Plus Self Etching Primer adhesive agent
were found to be significantly lower than those with other adhesive agents. Since
the use of a self-etch primer does not require etching on the enamel surface, it can be
assumed that the result was less enamel surface changes. It is possible that self-etching
teeth had enamel surfaces that were more resistant to plaque formation. The use of a
self-etch primer may have made remineralization more effective. The use of a self-etch
primer in bracketing may cause less demineralization on the occlusal surfaces of the
teeth in cariogenic attacks.
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Abstract: (1) Background: The aim of this study was to investigate the cyclic fatigue behavior
of the newly introduced endodontic instrument systems Tia Tornado Blue and Tia Tornado Gold.
(2) Methods: The tested rotary instruments were divided according to their type into four groups
as follows: Tia Tornado Blue (TTB), Tia Tornado Gold (TTG), Protaper Gold (PTG), and Vortex
Blue (VB). The cyclic fatigue resistance of fifteen instruments of each group, totaling 60, was tested.
Each instrument was rotated under continuous motion inside an artificial canal at simulated body
temperature at the speed recommended by the manufacturer until fracture. The time to fracture was
recorded, and the number of cycles to fracture (NCF) was calculated for each instrument. Additionally,
the fractured segment length was calculated, and scanning electron microscopic (SEM) images were
captured of the fractured surfaces. (3) Results: Statistical analysis revealed that the VB significantly
had the highest NCF followed by the PTG, TTG, and TTB (p < 0.05). The lengths of the fractured
segments were found to be similar among the tested instrument, which ranged from 4.42 to 4.86 mm
(p > 0.05). SEM images exhibited the typical features of cyclic fatigue. (4) Conclusions: The newly
introduced instruments, TTG and TTB, exhibited a significantly lower resistance to cyclic fatigue
compared to the PTG and VB rotary instruments.

Keywords: cyclic fatigue; Tia Tornado Blue; Tia Tornado Gold; Protaper Gold; endodontic instrument

1. Introduction

Nickel titanium (NiTi) rotary instruments have been routinely used in endodontics
practice since their innovation. Their priority in practice has been mostly due to the high
flexibility, lower canal transportation, and reduced apical extrusion compared to stainless
steel instruments [1,2]. However, NiTi fractures can happen during use due to many factors,
although their prevalence is low and ranges from 0.7% to 3% [3,4].

Factors that have a crucial effect on the fatigue of NiTi instruments are the radius
of curvature, the angle of curvature, operator skill, canal geometry, NiTi alloy, the heat
treatment of the alloy, instrument size, the point of maximal instrument flexure, steriliza-
tion cycles, and manufacturing process [5–11]. Two mechanisms of fracture have been
identified include cyclic fatigue and torsional fatigue. Cyclic fatigue is defined by the
tension/compression cycles at the point of maximum flexure, while torsional fatigue is
determined when an instrument tip or another part of the instrument is locked in a canal
while the shank continues to rotate, and the torque goes beyond the elastic limit of the
metal of the endodontic instrument [12,13].

According to reported findings, cyclic fatigue has been found to be the most frequent
cause of failure [14–16]. Some new modifications have been made regarding endodontic in-
struments with advancements in the manufacturing processes of NiTi in attempts to reduce
procedural errors and change the instrument performance in terms of the cyclic fatigue
resistance. These modifications involved changes in heat treatments, alloy composition,
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different cross-sectional design, thermomechanical processes, and surface treatment of the
endodontic instruments [17–20].

In general, conventional NiTi instruments have an austenite structure at 37 ◦C degree
body temperature. When the NiTi instrument is the control memory wire or M-wire, it is
in the martensite phase [21]. The M-wire has been introduced to improve the flexibility
to overcome complex curved canal anatomy. The M-Wire alloy is made of 508 nitinol
wires that have been processed through a proprietary method of treatment consisting of
drawing the raw wire under specific tension and heat treatments at various temperatures,
thereby resulting in a material that includes some portions in both the martensitic and the
premartensitic R phases while maintaining a pseudoelastic state [19,22].

The changes in heat treatment are made by changing the transition temperatures
of the NiTi instruments, hence improving their cyclic fatigue resistance and flexibility,
in comparison to the conventional superelastic NiTi instruments [13]. At human body
temperature, traditional NiTi instruments have a lower finish temperature for austenite
transformation (16–31 ◦C). However, thermally modified instruments have demonstrated
increased austenite transformation finish temperatures (50–55 ◦C), which, in consequence,
entails more martensitic components involved at body temperature [23].

Toward increasing the cyclic fatigue resistance, some manufacturers applied to NiTi
heat-treated instruments a continuous heating and cooling process, thereby resulting in
a surface oxidation layer that gives them a gold or blue appearance [24–26]. Gold and
blue heated treatments enhance the fatigue resistance when compared with M-wire and
conventional superelastic wires, and they are categorized as endodontic instruments with
a superior martensite phase [27].

Vortex Blue (Dentsply Tulsa Dental, Tulsa, OK, USA) undergoes pre- and postmanu-
facture heat treatment, while Protaper Gold (Dentsply Maillefer, Baillagues, Switzerland)
undergoes postmanufacture heat treatment [17].

The Tiadent manufacturer (Tiadent, Houston, TX, USA) provides several versions of
rotary instruments with claimed superior strength and resistance to cyclic fatigue such as
Tia Tornado Blue (TTB) (TTB; Tiadent, Houston, TX, USA) and Tia Tornado Gold (TTG)
(TTB; Tiadent, Houston, TX, USA). The manufacturer also claims that the Tia Tornado
Gold (TTG) wires are made from M-wire and are compatible with the ProTaper Gold (PTG)
wires. It is imperative to understand the mechanical properties of the latest introduced
instruments, as these can affect the clinician’s choice in clinical management and predict
their performance when preparing challenging root canal systems.

The newly introduced instruments provide a cost-efficient alternative to those com-
monly used in the dental office by dentist. To date, limited information is available on
the mechanical properties of the TTB and TTG instruments. Therefore, the aim of this
in vitro study was to investigate the cyclic fatigue behavior of the newly introduced rotary
instruments TTB and TTG.

The null hypothesis was that there is no significant difference among the tested
instruments in term of cyclic fatigue resistance.

2. Materials and Methods
2.1. Preparation of Artificial Canals

The artificial canals were made using the same technique used in the previous study by
Alqedairi et al. [28]. The laser micromachining technique using the LASERTEC 40 (Deckel
Maho Gildemeister, Hamburg, Germany), which consists of a Q-switched neodymium-
doped yttrium aluminum garnet (Nd: Y3Al5O12 (Nd: YAG)) laser operating at a wave-
length of 1064 nm with a maximum average power of 30 W, was used to make artificial
canals in stainless steel plates with dimensions of 100 mm × 50 mm × 10 mm.

The artificial canal was modeled using CATIA V5® software (Dassault Systèmes,
Version 5, Vélizy, France), and laser path programming was performed with a standard
triangle language file of the proprietary machine software. After the process parameters
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were established, the laser was focused on the block with the aid of a galvanometer scanner,
and the canal was then machined layer by layer [29].

The artificial canals were prepared in stainless steel blocks with dimensions corre-
sponding to the dimensions of the instrument tested: +0.1 mm in width and +0.2 mm in
depth, with an angle of curvature of 60◦, a radius of curvature of 5 mm, and a center of
curvature 5 mm from the tip of the instrument.

2.2. Cyclic Fatigue Resistance Testing

The experiment was conducted according to a previous paper by Jamleh et al. [30].
Four different rotary instruments, PTG F2, VB 25.06, TTB 25.06, and TTG TF2, were tested
in terms of cyclic fatigue resistance. Sample size calculation was performed based on
previous studies [28,31] using G-power 3.1.9.4. Fifteen new instruments of each system
were used in this study (Figure 1). All the selected instruments had a tip size of 0.25 mm
and length of 25 mm. The experiment model was composed of an artificial canal that
was milled in stainless steel block. The artificial canal had a maximum curvature point
located 5 mm (D5) from the canal end. The metallic canal was covered with transparent
glass to prevent the instrument from slipping out and to aid in visualizing the instrument
when fracture occurred. The model was submersed in distilled water bath at temperature
of 37 ◦C. X-Smart Plus (Dentsply Maillefer, Ballaigues, Switzerland) endodontic motor
was used, and the instrument (19 mm in length) was inserted in the artificial canal. After
the instrument was in place, the motor was operated at different speeds according to the
manufacturers’ instructions: TTB at 350 rpm, TTG at 300 rpm, PTG at 300 rpm, and VB
at 500 rpm. The experiment was video recorded and time to fracture was calculated. The
number of cycles to fracture (NCF) was calculated by multiplying the time to fracture in
minutes by the tested system’s rotational speed [30].
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Figure 1. Flow chart of the experiment method for cyclic fatigue of an instrument in the artificial
metal canal.

2.3. Scanning Electron Microscopy (SEM)

For the topographic features, one fractured instrument from each instrument system
was selected, cleaned using alcohol, and dried at room temperature. Then, the instruments
were mounted vertically on 15 mm metal stubs using double-sided carbon tape and sub-
jected to microscopic analysis using SEM (SEM; 6360LV Scanning Electron Microscope;
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JEOL, Tokyo, Japan) with 10 kV. The SEM photomicrographs were captured at different
magnifications ranging from 150× to 1000×.

2.4. Statistical Analysis

Descriptive statistics were used to summarize the number of cycles to failure for each
of the four groups. Normality of data was assessed using histograms, box–whisker plots,
and a normality test (Shapiro–Wilk test). Distribution of data appeared to be normal, with
normality test p values > 0.05.

Mean and standard deviation values are reported as descriptive statistics, and a
one-way ANOVA test with Tukey’s HSD was conducted to compare the groups.

3. Results

The mean NCF values, the outer diameter at the D5 and surface area of the tested
instruments, are presented in Table 1. Using one-way ANOVA, a statistically signifi-
cant difference between the groups was found (p < 0.05). A large effect size was found
(η2 = 0.93), thereby suggesting that the group accounted for 93% of the variability in the
number of cycles to failure. Tukey’s HSD showed that all the groups were significantly
different from each other. The VB significantly had the highest NCF followed by the PTG,
TTG, and TTB (p < 0.05) (Table 1). Moreover, the VB had the highest reliability (M = 1125.00),
while the TTB had the lowest (M = 117.93).

Table 1. NCF: the diameter and the surface area of the instruments at the level of fracture of the
experimental instrument systems. (n = 15).

Instrument
System

Mean (±SD)
(NCF)

Outer Diameter at D5
(mm)

Surface Area at D5
(mm2)

VB 1125.00 ± 174.83 a * 1.9 0.22
TTB 117.93 ± 38.91 b 2 0.19
PTG 831.60 ± 79.88 c 2 0.23
TTG 542.80 ± 84.55 d 1.4 0.21

*: Different letters indicate a statistically significant difference (p ≤ 0.05). NCF: number of cycles fracture.

There was no significant difference in the length of the fractured pieces among the
groups; it ranged from 4.42 to 4.86 mm (p > 0.05). The outer diameter and the surface area
of the instrument at the level of fracture were measured using a digital microscope (Hirox,
Tokyo, Japan) (Table 1).

The SEM images exhibited the typical features of cyclic fatigue behavior (Figure 2). An
area of fatigue striations (a) and another with a dimpled surface (b) were noticed. The crack
usually initiated at the edge (A1, white arrow) and propagated to the fatigue striations
(a). The instrument was weakened by the coalescence of the microvoids (B3, black arrows)
produced, after which ductile fracture occurred, which was evident from the dimpled
surface (b), until failure occurred. The round dimples indicated normal rupture patterns
caused by tensile stresses.

The taper of each instrument was measured using a digital microscope (Digital Mi-
croscope, Hirox, Tokyo, Japan) (Figure 3). For the PTG, a steady increase in the degree of
progressive taper was noticed from D0 to D5, whereas in the VB, a constant increase of
0.04 mm along the tested segment was recorded. On the other hand, the Tia Tornado Blue
showed an irregular taper pattern, as there was no taper from D0 to D2. Then, an abrupt
increase in the taper between D2 and D3, as well as D4 and D5, occurred. Lastly, the Tia
Tornado Gold showed a similar result as the PTG. However, the increase in the taper was
shown to be less steady as measurements were taken further from the tip. Looking at D4
and D5 specifically, the tapers between them in the VB and PTG were the same, which were
0.04. In the TTB and TTG, they were 0.07 and 0.09, respectively.
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4. Discussion

Two new rotary systems, TTB and TTG, with a claim of possession of high fatigue
resistance were tested in this study. The cyclic fatigue resistances of these instruments were
compared to the VB and PTG, whose values are known in the market and feature enhanced
resistance to cyclic fatigue [24–26]. The VB demonstrated a profound superiority of fatigue
resistance compared to the other tested instruments. Furthermore, the PTG exhibited better
fatigue resistance compared to the TTG and TTB.
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A study by Uygun et al. 2020 found that there was no statistically significant difference
between the VB and PTG, and this could be due to varied factors during the test like the
difference in radius, which was 3 mm, while we used a 5 mm radius in this study [32]. Also,
presenting a different result from our study, Sanchez et al. 2020, used a 5 mm radius and
reported that the PTG had greater resistance than the CF compared to the VB. However,
they used a synthetic oil designed for the lubrication of the artificial root canal systems
instead of body temperature distilled water [33]. However, in agreement with our results,
a study that used a synthetic oil and the same radius (5 mm) and angle of curvature
(60 degrees) resulted in a superior NCF of the VB compared to the PTG [34].

SEM was used to visualize the broken fragments to verify that the topographic features
were consistent with the cyclic fatigue failure. Typical cyclic fatigue features were seen
with SEM, thereby identifying one or more crack initiation areas, fatigue striation, and a
fast fracture zone with dimples [28].

To minimize the variables in this study, instruments with continuous rotation and a
similar tip size were chosen. By considering the simulation of the clinical conditions and the
complexity of the root canal system, a medium temperature of 37 ◦C and a 60-degree angle
of curvature were used, as they may have crucial effects on cyclic fatigue resistance [5,31].
It was reported that increasing the temperature would have a significant influence on
reducing the cyclic fatigue resistance [31]. Moreover, different medium solutions may
impact cyclic fatigue resistance. Sodium hypochlorite (NaOCl), which is commonly used
in root canal treatment, will lead to lower cyclic resistance, while an endodontic instrument
performs with a similar cyclic resistance when placed in an ethylenediaminetetraacetic acid
(EDTA) medium compared to distilled water [35]. In this study, body temperature distilled
water was used as the medium.

The rotation speed of the instruments in this study was performed according to the
manufacturers’ instructions, as Pruett et al. reported that the rpm does not affect the cyclic
fatigue resistance [5]. Static motion was used to compare the results with other studies, as
the majority of studies used this method [3,4]. In static motion, flexural stress is generated
mostly within a limited area, which is on the center of the curve and has less variables
to change. On the other hand, in the dynamic motion, having the instrument move up
and down while the instrument is rotating inside the artificial canal produces more cyclic
resistance, as the stress occurs on a wider area of the instrument as the metal transforms
while moving [3,4].

Cyclic fatigue is primarily caused by the propagation of faults from the metal surface
until it leads to failure [7]. The low quality of the manufacturing can form microcracks and
defects on the surface of the instrument [36]. When exposed to compression and tensile
forces, the propagation of such defects can lead to metal fatigue, as these microcracks
can act as stress concentration points [36]. These failures can be predicted by the stresses
that are created by geometrical discontinuities, porosities, inclusions, and overheating
during manufacturing [36]. According to Pruett et al., instruments separate at the point
of maximum flexure, which is in accordance with our finding where most instruments
fractured at 4–5 mm from the tip [5].

Different performance outcomes between the instruments with inferiority, as in the
Tia Tornado, could be attributed to the chemical composition of the alloy, design features,
and the quality of the manufacturing processes that the manufacturer did not disclose. The
instrument cross-section, diameter, and surface area at the level of separation could play
a significant role in fatigue behavior [36]. As shown in the results, the increases in taper
for the Tia Tornado instruments at the point of failure were larger than those shown in the
VB and PTG. It was reported that the taper/mm size affects the fatigue by concentrating
the stresses over a short distance with a large taper, thereby making the instrument more
prone to fracture [36]. The wider distance between the stress of tension and the stress of
compression has been found to inversely affect fatigue failure, since it has a large total
stress area [36]. Other factors that affect cyclic fatigue are flute design, circumference shape,
flute depth, and the number of spirals [36].
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Thermomechanical treatments enhance the instrument’s performance in curved canals
when exposed to cyclic compressions and tensions [19]. This improvement allows the
instrument to show different crystal configurations based on the applied temperature
and strain (martensite and austenite) [37]. It provides a martensitic phase at a lower
temperature, which gives the instrument the flexibility and the cyclic fatigue resistance
required [13,21].

From the results of the current study, the newly introduced instruments, TTG and TTB,
need more improvements in terms of the cyclic fatigue before being used as alternatives
for the VB and PTG in clinical settings. One of the limitations of this study was not
including cutting efficiency and microhardness. However, future suggestions are to limit
the variables more, which entails conducting the experiment at a similar speed between
instrument groups and under a more simulated clinical condition like using a NaOCl
medium instead of distilled water, in addition to clinical studies to determine the clinical
outcome of endodontic treatment with the newly introduced instrument to be included in
future studies.

5. Conclusions

The newly introduced rotary systems (TTB and TTG) failed to show any improvement
in the cyclic fatigue resistance when compared to the VB and PTG. Therefore, the research
hypothesis was rejected.
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Abstract: There is an urgent need to alleviate the symptoms of neurodegenerative diseases. The
presented work includes the use of electrochemical polymerization (CV) to obtain active polypyrrole
layers with incorporated molecules of a neurological drug substance—amantadine hydrochloride.
The obtained films were characterized chemically, structurally, and functionally in terms of their
use as a drug delivery systems which are neurologically active. FTIR spectra were recorded to
identify the incorporation of drug substances into the matrix. The obtained results showed that
amantadine and heparin were embedded to the polypyrrole matrix. Scanning electron microscopy
(SEM) was used to examine the morphology of the films. The films deposited on the steel substrate
showed a compact, smooth structure, where there was no visible organized structure. After release,
the film became corrugated. Adhesive tests were conducted with the cross-cut Test Method B to
determine the mechanical properties, and the results showed that amantadine improves adhesion
for steel substrates. The films were potentially stimulated by chronoamperometry, and UV-Vis
spectra were registered to calculate the concentration of AMA in the solution after release. The
release curves indicate a 95% efficiency of AMA release over the studied time period and protocol.
Later, antibacterial properties were tested. The proposed system was able to provide a daily dose
of drugs that ensures a therapeutic effect. This is a significant step towards developing systems
capable of delivering a wider range of doses, potentially in line with the full spectrum recommended
for therapeutic efficacy. The antibacterial properties of the material allows it to be considered as a
material with antibacterial potential in the presence of the Staphylococcus aureus (S. aureus) strain. The
percentage reduction ratio indicates a 90–100% reduction of bacteria in the suspension.

Keywords: conducting polymers; amantadine hydrochloride; polypyrrole; antibacterial test;
neurologically active system

1. Introduction

Current demographic trends indicate that society is aging. Statistics from the World
Health Organization (WHO) and the United Nations (UN) show that the population of
people of elderly age affected by neurodegeneration diseases will increase from less than
1 million in 2020 to 2 million in 2050 [1,2]. Forecasts also indicate that the number of elderly
people will be 1.5 billion in 2050, which is twice as many as in 2020 [3]. These changes also
result in an increase in the incidence of dementia [4]. Dementia is a neurodegenerative
disease that usually begins with a deterioration of cognitive functions—i.e., a deterioration
of memory and thinking skills [5].

Neurodegenerative disorders are characterized by the progressive loss of selectively
sensitive populations of neurons. The most common neurodegenerative disorders are amy-
loidoses (insoluble fibrous proteins that have specific structural features that allow them to
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bind to specific dyes such as Congo red [6,7]) and tauopathies (tau protein associated with
microtubules). The protein abnormalities in these disorders have abnormal conformational
structures. Although neurodegenerative diseases are usually defined by specific protein
accumulations and anatomical sensitivity, there are many underlying processes involved in
progressive neuronal dysfunction and death [8], such as oxidative stress, programmed cell
death, and neuroinflammation.

Alzheimer’s disease is treated with two classes of drugs: cholinesterase inhibitors
and glutamate regulators. Cholinesterase inhibitors work by inhibiting the breakdown of
the neurotransmitter acetylcholine. Their side effects include vomiting, loss of appetite,
nausea, and increased bowel movements. The only approved drug that regulates glutamate
levels is the active substance memantine that is used to treat Alzheimer’s disease (AD),
which is associated with memory and learning. The drug’s effectiveness is comparable
to that of cholinesterase inhibitors, in that it works in about half of the people who take
it and only for a short time [9]. Amantadine (AMA), an aminoadamantane long known
for its moderate anti-Parkinsonian effects, has recently been shown to antagonize central
N-methyl-D-aspartate (NMDA) receptors at therapeutically relevant concentrations.

A drug delivery system (DDS) is defined as a preparation or device that allows the
introduction of a drug substance into the body and improves its efficacy and safety by
controlling the rate, time, and location of drug release in the body. This process involves
the administration of a drug product, the release of active ingredients by the product, and
the subsequent transport of the active ingredients across biological membranes to the site
of action. The term therapeutic substance also refers to an agent such as gene therapy that
induces the production of an active therapeutic agent in vivo. A drug delivery system is
the interface between a patient and a drug. It may be a form of drug to be administered for
therapeutic purposes or a device used to administer the substance [10]. One of the most
known materials used in DDS are conducting polymers.

Conducting polymers (CP) undergo a reversible redox reaction that causes ions to
be transported into and out of the polymer. Typically, depending on the environmental
conditions, a potential difference of less than 1 V must be applied to the electrode to release
or capture ions. Conducting polymers can operate over a wide temperature range in a
liquid electrolyte or in air using a polymer electrolyte [11]. It is assumed in the literature that
polypyrrole (PPy), polythiophene (PTh), polyaniline (PANI), and their derivatives exhibit
some biocompatibility with living tissues and body fluids. Long-term (90 days) in vitro
and in vivo tests have shown little evidence of toxicity or immunological problems [12,13].
In the dedoped state, counterions are removed from the film and cause it to shrink. These
properties can be exploited in drug delivery systems where drugs are incorporated into
the polymer coating during oxidation and released during film reduction [14]. It is also
possible to incorporate a cationic drug after the polymerization process, but the polymer
must be doped with anions such as polystyrene sulfonate (PSS). During reduction of the
polymer, the cationic drug is introduced to compensate for the negatively charged anions
that cause the polymer to swell. During oxidation of the film, the cationic drug contained
in it is released, and the film shrinks [15]. Cycles of film activation between redox states
can cause cracks and discontinuities in the film, which can lead to an increased release rate
of molecules [16]. Anionic drugs can also be introduced after the polymerization process
by doping the polymer with a small anion, which can be the active form of the drug. Under
these conditions, the coating oxidizes by incorporating anions and is reduced by releasing
anions. In the case of introducing a relatively less mobile ion as a doping agent, both
cationic and anionic drugs are simultaneously incorporated and removed [17].

PPy films loaded with anionic drugs (dexamethasone phosphate (DMP); meropenem
(MER)) were deposited on the surface of indium tin oxide (ITO)-coated glass electrodes
by electropolymerization by Shah et al. [18]. As a result of electrochemical oxidation (at
a potential of 1 V) and polymerization of pyrrole on the anode, a layer was obtained.
In the polypyrrole layer, the cationic charges were compensated with anionic dopants
from the electrolyte (in this case, one of the anionic drugs—DMP or MER). The successful
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deposition of polypyrrole films on the surface of ITO electrodes was noticeable (i.e., the
presence of a black film on the surface of the transparent and colorless ITO electrode). It
was observed that the release of relevant drugs (DMP or MER) loaded into PPy films was
enhanced upon the application of electrochemical stimulus, providing proof of concept
that such materials can form a useful protective coating on the surface of implantable
medical devices, potentially reducing adverse reactions to their implantation in vivo [19].
Among the conductive polymers, the self-healing hydrogels were revealed [20]. Electrical
conductivity was achieved by the polypyrrole, free ions, and the synergistic effect between
the PPy particles and the free ions. The resultant hydrogels have potential applications in
electronic skin and biomedical implants. These hydrogels improve mechanical properties
such as toughness and stretchability [21].

The presented work includes the use of electrochemical polymerization (using two
synthetic protocols) to obtain active polypyrrole layers with incorporated molecules of a
neurological drug substance—amantadine hydrochloride. To our knowledge and review
of source materials in the literature, there is no yet known amantadine-loaded polypyrrole
coating. The obtained layers will be characterized in terms of their use as drug delivery
systems neurologically active which is used in medicine. The developed procedure for
deposition of the amantadine-enriched coating allows for the control of the mass and
morphology of the deposited polymer, which directly affects the amount of encapsulated
drug. The proposed system can be prepared on various conductive substrates (e.g., medical
steel, platinum), which expands the solution’s applicability. Optimal electrochemical
synthesis conditions were developed to obtain coatings with high drug accumulation
capacity and very good adhesion to the substrate (class 4B according to ASTM D3359-23,
Standard Test Methods for Rating Adhesion by Tape Test, World Trade Organization
Technical Barriers to Trade (TBT) Committee, New York, 2023). The process of amantadine
release is confirmed and potential controlled, allowing for the control of the release rate.

2. Materials and Methods
2.1. Synthesis

The synthesis was performed in an aqueous medium containing the following ingre-
dients: pyrrole (98%, Sigma Aldrich, Schnelldorf, Germany), amantadine hydrochloride
AMA (>98% TLC, Sigma Aldrich, Schnelldorf, Germany), and necessary commercially
available heparin sodium salt from porcine intestinal mucosa (HEP) (>180 USP units/mg,
Sigma Aldrich, Schnelldorf, Germany) and sodium dodecyl sulphate (>99% Sigma Aldrich,
Schnelldorf, Germany). Prior to synthesis, pyrrole was pre-distilled for purification, result-
ing in a transparent pale yellow liquid, which was then stored in a freezer. The electrolyte
solution was prepared by dissolving SDS in distilled water to achieve a concentration of
0.1 M, surpassing the critical micelle concentration of 0.008 M [22]. The monomer solu-
tion was prepared at a concentration of 0.2 M with the molar ratio of the components
AMA:HEP:Py set at 1:0.005:2. To avoid inhomogeneities, the synthetic solution was freshly
prepared just before the experiment. The stainless steel substrate (316L (Stalglass)) was
used due to its relevance for biomedical applications (composition: Cr 16%, Ni 10%, Mo
2%, C 0.08%, P 0.045%, S 0.03%, Si 0.75%, N 0.1%). Stainless steel (square, 8 mm × 8 mm)
was used as a working electrode (WE) prepared by polishing with sandpaper (ranging
from grit 300 to 600 Klingspor, Bielsko Biała, Poland) and washed with distilled water to re-
move any powder impurities. Subsequently, the substrate was immediately immersed in a
60% ethanol solution for 24 h to prevent the formation of an oxide layer. All measurements
were conducted at room temperature. Indium tin oxide-coated PET (60 Ω/sq, 5 mil) (Sigma
Aldrich, Schnelldorf, Germany) was immersed in distilled water and acetone before usage.

2.2. Polymerization of AMA/HEP/Py via CV and CR Methods: Procedures Used to Stimulate the
Release of Entrapped AMA and HEP

The measurements were carried out in an electrochemical cell containing a reference
Ag/AgCl electrode, a counter electrode (platinum spiral), and a 316 L steel plate or ITO
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as a working electrode. Cyclic voltammetry (CV) was employed for the synthesis and
characterization of the deposited polymeric films. The CV analysis was performed using
an Autolab PGSTAT12 potentiostat, and the results were analyzed with Autolab software
(version 4.9). During the synthesis, two maximum potentials were applied, E = 0.70 V and
E = 0.85 V, with different numbers of cycles (20 cycles and 30 cycles) to detect their influence
on the deposition process as well as on drug immobilization efficiency. To stimulate the
release of the drug substance, chronoamperometry was used with a potential set at either
0.5 or 0.7 V, held for 150 s, and in long term release for 48 h. The scheme of the releasing
procedure is shown in Figure 1.
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2.3. Characterization of AMA/HEP/PPy Films

Scanning electron microscopy (SEM) was carried out using a Hitachi S4100 microscope
equipped with an energy-dispersive X-ray spectrometer (EDS) with an acceleration voltage
of 15 keV. For these analyses, the samples were firmly fixed onto a steel sample holder using
adhesive carbon tape (SEM Conductive Double sided Carbon Tape, Extra Pure, width:
5 mm, micro-shop). Additionally, the surface of the PPy film was coated with an additional
layer of carbon powder using an EMITECH K950X carbon coater to guarantee a conducting
surface for the analysis.

The UV-Vis measurements were carried out using a quartz cuvette (Bionovo, Chorzów,
Poland) in a Biowave II UV-vis spectrometer (WPA, Biochron, Surrey, UK). For the release
stage, the coated samples were fully immersed in a 0.9% NaCl solution and placed along
the side wall of the cuvette to allow the diffusion of drug molecules into the bulk of the
solution. Aliquots of the solution were taken with a pipette (2.5 mL) and then poured
into a measuring cuvette and placed in the UV-Visspectrometer. The solution was then
led back to the measuring cell, allowing simultaneous mixing of the solution. The ab-
sorption band of AMA was located at 237 nm [23], while the HEP absorption band was
observed at 213 nm [24]. The spectra were recorded in real time with readings taken every
15 s, while a constant potential was applied using the AUTOLAB PGSTAT12 potentiostat.
The chosen potentials values were based on the respective potentials observed in the CV
doping/dedoping cycles. The system worked in air-conditioned room temperature.

2.4. Antimicrobial Activity of AMA/HEP/PPy Films

The biological properties of AMA/HEP/PPy film were tested on the basis of the
PN-EN ISO 22196:2007 standard (Measurement of antibacterial activity on plastics and
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other non-porous surfaces, Technical Committee ISO/TC 61, Plastics, Subcommittee SC 6,
Ageing, chemical and environmental resistance, UK, 2011).

Preparation of strains Escherichia coli ATCC 8739 and Staphylococcus aureus ATCC
6538P: bacterial cultures were refreshed twice before analysis by sieving onto slants with
nutrient agar and incubated for 24 h at 35 ◦C ± 1 ◦C.

Preparing materials for tests: The test and control materials were sterilized with
70% ethyl alcohol in an ultrasonic bath.

Inoculation: Microbial cells were suspended in a sterile nutrient broth with an amount
of ~105 cells/mL. The prepared test and control materials were placed in sterile Petri dishes.
A dose of inoculum was applied to the surface of each plant and placed in a culture well.

Incubation: Sterile bags containing inoculated test materials and control materials
were incubated for 24 h at 35 ◦C ± 0.1 ◦C.

According to the standard PN-EN ISO 22196:2007, the crucial R parameter can be
calculated according to the Equation (1). The results give information on whether a material
shows microbiological activity.

R = (Ut − U0)− (At − U0) = Ut − At (1)

where:

R—value of antimicrobial activity,
U0—average of the decimal logarithm of the number of live bacterial cells on control
samples immediately after inoculation,
Ut—average of the decimal logarithm of the number of live bacterial cells on control
samples after 24 h of incubation,
At—the average of the decimal logarithm of the number of live bacterial cells on samples
tested after 24 h of incubation.

In turn, the percentage value of antimicrobial activity is expressed as Equation (2):

R[%] =
A − B

A
·100 (2)

where:

R—percentage of antimicrobial activity,
A—initial number of bacteria in the suspension contacted with the tested materials, CFU,
B—number of bacteria after 24 h of contact between bacteria and the tested material, CFU.

3. Results
3.1. Synthesis and Electrochemical Characterization of AMA/HEP/PPy

PPy was synthesized in the presence of amantadine (AMA) and heparin (HEP) using
cyclic voltammetry in a sodium dodecyl sulfate solution. The aim of this study is to prepare
a system with a portion of AMA enclosed in the polymer structure. The incorporation of
saccharide-type HEP is dictated by its anionic character, which allowed it to serve as a
polymeric counterion, balancing the positive charge generated during the growth of PPy
chains. At the same time, large HEP molecules can be incorporated into the PPy matrix,
interacting with AMA molecules (AMA is a cationic drug). Electropolymerization at a
molar ratio of AMA/HEP/PPy 0.1:0.002:0.1 M was induced by cyclic voltammetry in a
specify potential range. Two values of maximum potentials were defined: E1 = 0.70 V and
E2 = 0.85 V. The process parameters are shown in the table below (Table 1). The samples
were numbered, taking into account the process parameters and the used substrate.
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Table 1. Electrochemical synthesis parameters of AMA/HEP/Py.

Potential No Scan Film Substrate

E1max = 0.70 V 20 f1

ITO
30 f2

E2max = 0.85 V 20 f3
30 f4

E1max = 0.70 V 20 f5

Steel
30 f6

E2max = 0.85 V 20 f7
30 f8

An example of the cyclic voltammogram of AMA/HEP/PPy is shown in the figure
(Figure 2). In order to characterize the deposition process of the AMA/HEP/PPy system,
the CV cyclic voltammetry technique was used in the potential range from −0.45 to
0.85 V and from −0.35 to 0.70 V with respect to the Ag/AgCl electrode.
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(abbreviation explained in Table 1).

The CV curves during the synthesis (Figure 1) of the AMA/HEP/PPy system recorded
at a potential of 0.85 V were significantly different in shape from the curves obtained at
0.7 V (Figure S1). The curves of the films on the ITO substrate showed a higher current
amplitude. The CV curve corresponding to the polymerization process on the steel substrate
showed higher current values by two orders of magnitude for f7 and by one order of
magnitude for f8 compared to f5 and f6. Oxidation peaks were visible at a potential of
0.05 V and reduction at −0.35 V for f7 and f8. The electropolymerization process was
more balanced for the films on the ITO substrate. The process proceeded according to
the scheme of pyrrole polymerization, where the monomer was oxidized, cation-radical
coupling occurred, and less soluble chains were formed and grew, which adsorbed on
the electrode surface. The electrochemical synthesis process on a steel substrate was less
effective, but it produced a more electrochemically active film (doping and dedoping peaks
were visible). The higher applied potentials led to intensive oxidation of the monomer,
which did not undergo further effective polymerization. Hysteresis appeared on the CV
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with each subsequent cycle (the cathodic current intensity was higher than the anodic
current), which may indicate changes in the nature of the substrate during the process.

The ITO and steel electrodes were fully coated with AMA/HEP/PPy layers pre-
pared according to the given procedures. To characterize the polypyrrole films, cyclic
voltammograms of the obtained films were recorded in the SDS environment.

The CV curves of f5 and f6 films (Figure S2) do not overlap, and after each cycle, the
curves change, which indicates low electrochemical stability. On the surface of the working
electrode, intensive ion exchange occurs in the electrolyte solution [25]. The electrolyte
solution became colored and turned turbid, which was caused by dissolution of oligomers
and migration to the film, which can be observed as a decrease in current intensity. The
CV curves (Figure 3) showed higher values of current intensity for all films, compared
to the curves in the Figure S2. The widest amplitudes of the curves were visible for the
films on the steel substrate, which indicates their charge storage ability. The curves for f7
and f8 overlap, indicating better electrochemical stability compared to f5 and f6. The table
(Table 2) summarizes the values of electrochemical stability and film thickness calculated
according to the Equations (3) and (4).

S =
Q+

10
Q+

2
·100% (3)

where:

Q+
10—the charge of the last doping half cycle [C],

Q+
2 —the charge of the second doping half cycle [C].

g =
qpol·Mmon

n·F·Aw·ρ
(4)

where:

g—the thickness of the dry polymer film formed in the electropolymerization process, [cm],
qpol—the total charge of the polymerization process, expressed as the charge of the last
polymerization cycle,
Mmon—molar mass of monomer [g·mol−l],
n—the number of electrons involved in the oxidation of one monomer unit, (2.3 for pyr-
role [23],
F—Faraday’s constant, (96.48 C·mol−1);
Aw—the surface of the working electrode covered with a polymer film, (cm2),
ρ—approx. film density (1.48 g·cm−3) [26].

The increase in the potential window during synthesis and the number of cycles
influenced the increase in the film thickness, especially for f4 by about 50%. Increasing the
potential window during synthesis influenced as well the electrochemical stability of the
obtained films on both substrates. Increasing the number of cycles for coatings on ITO
substrate at the applied lower potential of 0.7 V resulted in a decrease in the value of film
stability. In the case of coatings obtained at 0.85 V, the stability of the coatings increased.
Compared to coatings obtained on ITO, on steel, an increase in the number of potential
cycles resulted in a decrease in the stability of coatings for E = 0.7 V and an increase in
the stability of coatings at E = 0.85 V. In the polymer formation process, both anions and
electrons moved through the film. In the subsequent reduction, the electroneutrality was
restored by pushing out anions or by incorporating cations from the electrolyte solution.
After applying a positive potential, the neutral film was oxidized and anions were absorbed
or cations were rejected. The redox activity of the polymer was regulated by the electron
transfer reaction and mass transport process. The decrease in stability values upon potential
reduction was related to the difficulty of mass transport or electron transfer.
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Figure 3. Cyclic voltammograms of AMA/HEP/PPy films: (a) f3; (b) f7; (c) f4; (d) f8 (abbreviation
explained in Table 1).

Table 2. Electrochemical stability and thickness of AMA/HEP/PPy film deposited on ITO and steel
substrates.

E = 0.70 V, c = 20 E = 0.70 V, c = 30

Substrate S [%] g [µm] Substrate S [%] g [µm]

ITO f1 94.94 0.017 ITO f2 75.84 0.019
Steel f5 73.29 0.011 Steel f6 61.41 0.12

E = 0.85 V, c = 20 E = 0.85 V, c = 30

Substrate S [%] g [µm] Substrate S [%] g [µm]
ITO f3 71.70 0.036 ITO f4 83.63 0.078
Steel f7 93.80 0.13 Steel f8 112.56 0.14

3.2. Morphology of AMA/HEP/PPy Films by SEM

Scanning electron microscopy was used to analyze the morphology of the deposited
AMA/HEP/PPy films in pristine post-synthetic form and after the release event (results
reported in the following section).

The films deposited on the steel substrate (Figure 4) showed a compact, smooth
structure, where there was no visible organized structure. After release, the film became
corrugated. Due to the potential release, the HEP molecules with high mass and AMA
surface-bonded to PPy came out of the coating, hence the release voids were visible in
the SEM image (marked with circles in Figure 3). Due to electrical stimulation, the drug
substances bound by electrostatic interactions to oxidized PPy were released. In the case
of the f7 film, after release, clusters were visible revealing a cauliflower-like structure
(Figure S3), typical for PPy. The microstructures of the films on the steel substrate
were different. During the synthesis, the micelle adsorption was less efficient, hence
only trace amounts of the scaffold are visible, changing the structure to a more typical
one (cauliflower-like).
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3.3. Adhesion Tests of AMA/HEP/PPy Films

Adhesion tests were performed according to the ASTM D3359-23 standard. The
investigation included Test Method B—cross-cut tape test. The test results of the obtained
films were classified according to the requirements of the standard. The results are shown
in the table (Table 3) and in the figure (Figure S4).

Table 3. Classification of AMA/HEP/PPy film adhesion test results according to ASTM D3359-23
standard (Standard Test Methods for Rating Adhesion by Tape Test, World Trade Organization
Technical Barriers to Trade (TBT) Committee, New York, 2023).

Process Parameters N◦ Scan Film Substate Classification

E1max = 0.70V 20 f1 ITO 0B
E1max = 0.70V 30 f2 ITO 2B
E2max = 0.85V 20 f3 ITO 1B
E2max = 0.85V 30 f4 ITO 0B
E1max = 0.70V 20 f5 Steel 3B
E1max = 0.70V 30 f6 Steel 2B
E2max = 0.85V 20 f7 Steel 4B
E2max = 0.85V 30 f8 Steel 1B

Based on the results, it is evidenced that AMA-added coatings improved the adhesion
of the coating to the ITO substrate. The f3 film flaked along the edges of the cuts, the
damaged area was within 60%, and the f2 coating was damaged within 35% of the grid.
The results showed significantly better adhesion for the films on the steel substrate. The f7
film showed the best adhesion, with only small flakes peeling off at the line intersections
(less than 5% of the area). The f5 coating peeled off within 15% of the cut grid area, and the
f6 coating peeled off within 3%.

3.4. Short-Term Release of AMA and HEP from AMA/HEP/PPy Films

UV-Vis spectra (Figure 5) of solutions were recorded during the release of medicinal
substances from AMA/HEP/PPy films. The initial spectrum was marked in blue, and then
the next ones were recorded every 15 s. The spectrum after 150 s was marked in red.
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Figure 5. UV-Vis spectra during the release of AMA and HEP from the f7 AMA/HEP/PPY film: (a)
at a constant potential of 0.5 V; (b) at a constant potential of 0.7 V; (c) diffuse.

Each spectrum showed characteristic bands corresponding to AMA λ = 269 nm [26,27]
and HEP λ = 213 nm [28], and the absorbance values were converted to concentrations
using absorption coefficients ε = 3.9·104 cm−1·M−1 [29] for AMA and ε = 5500 cm−1·M−1

for HEP and are listed in the table below (Table 4). The absorbance value in the range
of 200–220 nm is related to π-π* electron transitions in C=C bonds or n-π* from nitrogen
atoms in amine groups. The highest concentrations of AMA were visible for solutions
taken during desorption from the cell, in which the film was placed on a steel substrate.
The HEP concentration values were six orders of magnitude lower compared to the AMA
concentrations due to its lower molar fraction in the monomer solution and its high
molecular weight.

The highest value of AMA concentration in solution was visible after the procedure
of 0.7 V release from f7 film and the lowest for the procedure of diffusion release. It was
observed that drug molecules were detached from the matrix more efficiently under the
influence of higher potential. Drug concentration in solution after diffusion release showed
one order of magnitude lower values compared to potential release. At the structural
level, it could be concluded that during the oxidation reaction, the volume of the PPy
matrix increased, which led to the release of the cationic drug (AMA) in a process called
“cation-driven activation”. The expansion and increase in the volume of the polymer
was controlled by changing the applied voltage. A higher value of the applied voltage
caused intensification of the oxidation process, allowing for control over the release of drug
molecules. This proved that the prepared AMA/HEP/PPy coatings were useful for the
construction of drug delivery systems.
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Table 4. List of concentrations of AMA and HEP after release from PPy matrix obtained from
UV-Vis spectra.

Film
C for 0.5 V release [M] C for 0.7 V release [M] C for diffusion release [M]

HEP AMA HEP AMA HEP AMA

f1 9.09 × 10−6 8.46 × 10−1 1.82 × 10−6 1.77 × 10−1 3.64 × 10−6 6.15 × 10−1

f2 3.27 × 10−5 1.62 × 101 5.82 × 10−5 2.23 × 101 7.27 × 10−6 3.85 × 10−1

f3 9.09 × 10−5 1.92 × 101 7.09 × 10−5 3.15 × 101 1.09 × 10−5 6.92 × 10−1

f4 9.09 × 10−6 8.46 × 10−1 1.82 × 10−5 1.77 × 101 3.64 × 10−6 6.15 × 10−1

f5 7.27 × 10−5 2.92 × 101 6.55 × 10−6 7.69 × 10−1 1.09 × 10−5 1.54 × 10−1

f6 2.73 × 10−5 1.00 × 101 8.36 × 10−5 1.85 × 101 1.82 × 10−5 4.62 × 10−1

f7 2.36 × 10−5 2.00 × 101 4.91 × 10−5 3.85 × 101 1.64 × 10−5 8.46 × 10−1

f8 5.45 × 10−5 1.38 × 101 5.82 × 10−5 2.77 × 101 9.09 × 10−6 6.92 × 10−1

Based on the obtained data from UV-Vis spectra, the release efficiency of the active
substance (RE) was calculated. RE was calculated as the ratio of c3 to c1, where c3 was
the concentration of the substance in the solution after release, and c1 is the concentration
of the active substance introduced into the matrix during synthesis. The value of c1 was
calculated from the difference between the initial concentration of the active substance in
the solution (c0) and its concentration after synthesis (c2). The values were converted to
percentages. The table below (Table 5) also included the AMA encapsulation efficiency in
polypyrrole films with the uncertainty calculated using the total differential, calculated on
the basis of UV-Vis spectra data and Equation (5).

EE =

[
drug concentration in the polymer f ilm

drug concentration in the solution during synthesis

]
·100% (5)

Table 5. Release efficiency (RE) of AMA and HEP and encapsulation efficiency (EE) of AMA in
polypyrrole films.

Film AMA RE [%] HEP RE [%] AMA EE [%] m AMA Released [mg·cm−3]

f1 19.10 ± 0.25 8.90 ± 0.25 1.77 ± 0.11 1.79 ± 0.12
f2 28.44 ± 0.35 24.04 ± 0.32 22.30 ± 0.23 2.26 ± 0.16
f3 34.61 ± 0.41 33.96 ± 0.51 31.50 ± 0.28 3.19 ± 0.20
f4 30.12 ± 0.32 26.87 ± 0.28 17.70 ± 0.12 1.79 ± 0.17
f5 17.02 ± 0.32 12.08 ± 0.23 7.69 ± 0.09 1.84 ± 0.19
f6 25.11 ± 0.51 21.16 ± 0.42 18.50 ± 0.21 3.64 ± 0.26
f7 55.26 ± 1.10 47.24 ± 0.93 39.57 ± 0.31 5.13 ± 0.34
f8 39.36 ± 0.85 19.34 ± 0.14 27.70 ± 0.32 2.39 ± 0.21

The entrapment percentage for AMA was the highest for f7 (39.5%) and for f3 (31.5%)
(Table 5), which was related to the higher roughness of the layers. The EE of AMA
ranged from 17 to 39.5%. This system helped to accumulate high AMA values. Direct
comparison with the literature data is impossible due to the novel nature of the proposed
system. However, in the literature data, the EE in PLA nanospheres ranged from 19 to
30%, depending on the particle size (81 to 113 nm) [30]. The active substance release
efficiency for both AMA and HEP showed high values reaching up to 47%. These values
were much higher than those of the literature data, which allowed us to conclude that the
proposed AMA/HEP/PPy system can be used for further studies in order to use it as a drug
delivery system.

3.5. FTIR Analysis of AMA/HEP/PPy Films Before and After Release of AMA and HEP from the
Polypyrrole Matrix

FTIR studies were performed to confirm the incorporation of AMA and HEP into
the PPy matrix and after the desorption process, to determine the loss after the release
process (Figure 6).
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the fundamental vibration of the pyrrole ring, while the in-plane vibration of =C–H was 
observed at 1298 and 1039 cm−1. The vibration of the C–N bond corresponded to the band 
occurring at around 1196 cm−1. This analysis suggests a successful polymerization process 
resulting in PPy formation. Bands associated with HEP were detected at the following 
positions: 1487 cm−1, assigned to C=C stretching; 1430 cm−1, to the symmetric stretching of 
the carboxy group; and 932 cm−1, assigned to C-O-S stretching and C-O-C glycosidic 
bonds. The bands belonging to AMA were as follows: 1455 cm−1—band related to bending 
vibrations of N-H groups; 1354 cm−1—stretching vibrations of C-N bonds; 1110 cm−1; 974 
cm−1 stretching vibrations of C-C bonds in the cycloalkyl ring [31]. The transmittance in-

tensities of the 1455 cm−1 band corresponding to AMA were compared for AMA/HEP/PPy 
coatings before and after the desorption process. These values are estimated and exem-
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Figure 6. FTIR spectra of AMA/HEP/PPy films synthesized on ITO substrate: (a) Reference
samples—blue line for pyrrole, green for amantadine, red for heparin, and black for sodium dodecyl
sulfate; (b) film f3; (c) f4; (d) f7, where (red line—synthesized film, black—film after 0.7 V release,
blue—film after 0.5 V release, green—film after diffusion release) yellow dot—AMA, red—HEP, and
black—PPy.

The results are shown in Figure 5. PPy-related bands were identified at 1313 cm−1,
corresponding to the C-H in-plane deformation of PPy and N-H bending. Bands at
1074 cm−1, 1047 cm−1, 1012 cm−1, and 811 cm−1, attributed to the C-H wagging mode,
along with a signal at 727 cm−1 were also detected. Bands at 1546 and 1452 cm−1 are
associated with the fundamental vibration of the pyrrole ring, while the in-plane vibration
of =C–H was observed at 1298 and 1039 cm−1. The vibration of the C–N bond corresponded
to the band occurring at around 1196 cm−1. This analysis suggests a successful polymeriza-
tion process resulting in PPy formation. Bands associated with HEP were detected at the
following positions: 1487 cm−1, assigned to C=C stretching; 1430 cm−1, to the symmetric
stretching of the carboxy group; and 932 cm−1, assigned to C-O-S stretching and C-O-C
glycosidic bonds. The bands belonging to AMA were as follows: 1455 cm−1—band related
to bending vibrations of N-H groups; 1354 cm−1—stretching vibrations of C-N bonds;
1110 cm−1; 974 cm−1 stretching vibrations of C-C bonds in the cycloalkyl ring [31]. The
transmittance intensities of the 1455 cm−1 band corresponding to AMA were compared
for AMA/HEP/PPy coatings before and after the desorption process. These values are
estimated and exemplary, and they refer to the spectrum recorded in the middle part of the
sample. The band intensity is the highest for the synthesized films, and the lowest after
release at 0.7 V. The changes in the band intensity are visible after the release of AMA and
HEP from the polypyrrole matrix. The largest difference in transmittance before desorption
to the band after release was detected for the band 1455 cm−1 for f4 and f7 after stimulation
with a potential of 0.7 V.
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3.6. Long-Term Release of AMA and HEP from AMA/HEP/PPy Films

For the most promising systems, long-term release studies of drug substances were
conducted (time scale of experiment: 48 h). The selection criterion was based on the
possibility and effectiveness of providing a daily therapeutic dose, standardly used in the
treatment of Alzheimer’s disease. The studies were carried out according to the procedure
described in Section 2.2. UV-Vis spectra of solutions during the release of drug substances
from the films were recorded at a frequency of every 15 min for the first hour, every 20 min
for the second hour, every 30 min during the third hour, every 60 min during 12 h, and every
240 min for the rest of the time. The spectra are presented in the figures below (Figure 7).
Then, the cumulative release curves (CR—cumulative release) were prepared by plotting
the relationship between the concentration of the drug released at time t and the total
concentration of the solute (this value corresponds to the maximum concentration achieved
during the release procedure from the matrix):

(
Mt
M∞

)
= f(t). Selected mathematical models

were fitted to the curves based on experimental data, which allowed for the description of
the kinetics of the release of substances from the polymer network, including thin polymer
films [32]. The mathematical models are summarized and briefly characterized in the table
below (Table 6).

Coatings 2024, 14, 1389 14 of 19 
 

 

 
Figure 7. (a) UV-Vis spectrum of the solution during the release of AMA and HEP from the f7 film 

and the kinetic curves of the release of (b) AMA and (c) HEP with the simulation curve fitted by the 

Avrami model. 

AMA and HEP bands were identified, and absorbance values were recorded for the 
given wavelengths (Figure 7a). The release curves of AMA (Figure 7b). and HEP (Figure 
7c). were plotted, for which 90% CR was achieved for AMA after 48 h, while for HEP, it 
was after 40 h. The best fit to the release curves was provided by the Avrami model. The 
calculated parameters of the tested models are listed in the table below (Table 7). 

Table 7. Fitting parameters of AMA release kinetics curves obtained from mathematical simulations 

using the Avrami and Korsmeyer–Peppas models. 

System Film Drug 
Model Avrami Fitted Parameters 

R2 (Avrami) R2 (K-P) k n 

AMA/HEP/PPy (steel) f3 
AMA 0.970 0.922 0.019 ± 0.036 0.973 ± 0.057 
HEP 0.981 0.969 0.025 ± 0.048 0.969 ± 0.071 

AMA/HEP/PPy (ITO) f7 
AMA 0.961 0.911 0.017 ± 0.029 0.961 ± 0.054 
HEP 0.975 0.911 0.018 ± 0.039 0.953 ± 0.069 

The parameters’ n values indicate that the release processes for both molecules are 
described by first-order kinetics. The minor differences between the k and n parameters 
were obtained for applied fitting models depending on substrate, and still higher values 
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Table 6. Mathematical models describing controlled release kinetics.

Model Analytical Relations Description

Korsmeyer–Peppas
(Power)

Mt
M∞

= kp·tnp

Mt
M∞

is the fraction of drug released over time t, kp is the Power
release rate constant, and np is the Power release exponent

The value of n characterizes the drug release mechanism. To find
the exponent n, only part of the release curve was used, where
Mt
M∞

< 0.6. If n = 0.5, the release process is described as diffusion
controlled, and if n = 1, the process is non-Fick diffusion, and other

controlling factors are present (e.g., swelling)

Avrami Mt
M∞

= 1 − exp(−kA·tnA )

Mt
M∞

is the fraction of drug released over time t, nA is an Avrami
parameter, and kA is the Avrami release rate constant. The value
n = 1 indicates a first-order kinetic process (perturbed diffusion),

and n = 0.54 corresponds to diffusive release kinetics

The first example of a mathematical model aimed to describe drug release from a
matrix system was proposed by Higuchi [33]. Initially conceived for planar systems, it
was then extended to different geometrics and porous systems [34]. The Avrami model
was originally constructed to describe crystallization kinetics [35], but over time, it was
adapted to simulate drug release from matrices. The value of n exponent estimates
the type of release mechanism: a diffusion-controlled process for n between 0.5 and
1 with higher values indicating mechanisms involving swelling or degradation. Hence,
it can provide insight into a mechanism of release process. The Avrami model is appli-
cable for drug release simulation from a thin polymer matrix [36], especially for longer
deposition times [37].

The UV-Vis spectra obtained for the f7 film were compared, and the concentration
dependence curves for the active substance were plotted, on the basis of which analogous
mathematical modeling was performed, which was the basis for the kinetic description of
AMA and HEP from the AMA/HEP/PPy system (Figure 5).

AMA and HEP bands were identified, and absorbance values were recorded for the
given wavelengths (Figure 7a). The release curves of AMA (Figure 7b). and HEP (Figure 7c).
were plotted, for which 90% CR was achieved for AMA after 48 h, while for HEP, it was
after 40 h. The best fit to the release curves was provided by the Avrami model. The
calculated parameters of the tested models are listed in the table below (Table 7).

Table 7. Fitting parameters of AMA release kinetics curves obtained from mathematical simulations
using the Avrami and Korsmeyer–Peppas models.

System Film Drug
Model Avrami Fitted Parameters

R2 (Avrami) R2 (K-P) k n

AMA/HEP/PPy (steel) f3
AMA 0.970 0.922 0.019 ± 0.036 0.973 ± 0.057
HEP 0.981 0.969 0.025 ± 0.048 0.969 ± 0.071

AMA/HEP/PPy (ITO) f7
AMA 0.961 0.911 0.017 ± 0.029 0.961 ± 0.054
HEP 0.975 0.911 0.018 ± 0.039 0.953 ± 0.069

The parameters’ n values indicate that the release processes for both molecules are
described by first-order kinetics. The minor differences between the k and n parameters
were obtained for applied fitting models depending on substrate, and still higher values
were noted for the f3 film on a steel substrate than that for the ITO one. It indicates a
slightly more restricted release of molecules from the matrix of the samples deposited on
the steel substrate. According to the literature, to obtain a therapeutic effect during the use
of the drug, patients usually have to take AMA in daily doses of about 274 mg with the
possibility of increasing to 400 mg [38,39]. The proposed systems could provide a dosage
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of 281 mg per day (calculated based on 1 cm3 of the deposited sample), covering part of
the range of concentrations necessary to obtain therapeutic effects.

3.7. Microbiological Tests

In order to verify the possibility of using drug dosing systems in medical applications,
the antibacterial activity of the steel plate surface was measured based on PN-EN ISO
22196:2007. The designations of the samples subjected to microbiological analysis are
presented in the table below (Table 8).

Table 8. Designations of coatings used in microbiological tests.

Name System Parameter of Synthesis

BBT3 (f7) AMA/HEP/PPy
E = 0.85 V, 20 cBBT4 (f7) AMA/HEP/PPy

A control steel substrate 316l -
B control steel substrate 316l -

A slight reduction of microorganisms around the materials contacted with the Gram-
negative strain occurs in the area of the BBT4 material (marked as 4). However, due to
the lack of a homogeneous area, no growth inhibition zone was determined for it. The
material (BBT3) contacted with the Gram-positive strain Staphylococcus aureus (S. aureus)
shows a growth inhibition zone after 24 h of incubation. The size of the inhibition zones is
presented in the figure (Figure 8), and it was equal to 7 mm according to S. aureus.
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of bacteria in the suspension. 

Figure 8. Growth inhibition zone visible around the tested materials on agar media (MHA) after 24 h
of bacterial culturing with Escherichia coli (E. coli EC) and S. aureus (SA).

Antimicrobial activity for S. aureus: The degree of reduction was determined for the
BBT3 material. The obtained results indicate that the materials have a biocidal effect. The
reference material (B) did not show any biocidal properties. The data obtained during the
experiment are summarized in Figure 9.

The degrees of reduction of S. aureus and E. coli bacteria after 24 h of contact of the
tested materials with microorganisms were equal to 71.42% (reduction log 1.48) for E. coli
and 93.94% (reduction log 4.13) for S. aureus.

The antibacterial properties of the BBT3 material allows it to be considered as a
material with antibacterial potential in the presence of the S. aureus strain, with reduction
ratio indices above 2 (BBT3). The percentage reduction ratio indicates a 90–100% reduction
of bacteria in the suspension.
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Figure 9. Inoculation of S.aureus on PCA medium; reading 24 h after inoculation on the tested
material BBT3.

4. Discussion

The increase of the potential window during synthesis and the number of cycles
influenced the increase of the layer thickness. The most effective polymerization process
and electrochemical stability of the coatings were visible for f7. Increasing the potential
window during synthesis influenced the increase of the process and electrochemical stability
of the obtained coatings on both substrates. After the release of AMA and HEP, single
globular structures with a diameter of 0.05 µm were visible. AMA increased the adhesion
of the coating to the ITO substrate. The results indicate a significantly better adhesion for
the films on the steel substrate. The f7 film showed the best adhesion, as only small flakes
of the coating were detached at the intersections of the lines (less than 5% of the area). The
f5 coating detached in 15% of the area of the incision grid and f6 from the area of 30%.
The release efficiency of the active substance for both AMA and HEP showed high values
reaching even 47%. These values were much higher than those of the literature data, which
allowed us to conclude that the proposed AMA/HEP/PPy system can be used for further
studies on its use as a drug delivery system.

5. Conclusions

AMA and HEP were successfully incorporated into the PPy matrix. The films de-
posited on the steel substrate showed a compact, smooth structure, where there were no
visible organized structures. After release, the film became corrugated. AMA-added films
improved the adhesion of the coating to the ITO substrate. The f7 film showed the best
adhesion, with only small flakes peeling off at the line intersections (less than 5% of the
area). The short-term release of AMA and HEP showed promising results for film f7. Based
on short-term results, long-term tests were conducted. For the AMA/HEP/PPy system,
the most effective film in terms of drug release from the matrix (based on short-term release
studies) was selected for the steel and ITO substrates, and release curves were plotted.
The best fit of the experimental curves was obtained using the Avrami model. The curves
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showed an n-factor above 0.54, indicating first-order release kinetics with a significant
matrix effect on this process. DDS released the drug at a constant rate, thus maintaining
the drug concentration in the therapeutic window for a longer period. The release curves
indicate a 95% efficiency of AMA release over the studied time period and protocol. The
proposed system was able to provide a daily dose that ensures a therapeutic effect. This
was a significant step towards developing systems capable of delivering a wider range of
doses, potentially in line with the full spectrum recommended for therapeutic efficacy. The
antibacterial properties of the material can be considered as a composite with antibacterial
potential in the presence of the S. aureus strain. The percentage reduction ratio indicates a
90–100% reduction of bacteria in the suspension.

6. Patents

Research based on the databases developed from the patent application: Kulik S.,
Golba S., Stodolak Zych E., Kurpanik R., Polymer composite based on polypyrrole, implant
with a coating of a polymer composite based on polypyrrole and a method of manufacturing
an implant with a coating of a polymer composite based on polypyrrole. Application data:
17 September 2024. Confirmed number: P.449842.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/coatings14111389/s1, Figure S1: Synthesis of AMA/HEP/
PPy in 0.1 M SDS: (a) f1; (b) f5; (c) f2; (d) f6. Figure S2: Cyclic voltammogram of AMA/HEP/PPy
films in doping/dedoping state of: (a) f1; (b) f5; (c) f2; (d) f6. Figure S3: SEM images of the film f7
AMA/HEP/PPy on steel substrate: (a,c) before AMA and HEP release; (b,d) after 0.7 V potential
release of AMA and HEP. Figure S4: Adhesion test of AMA/HEP/PPy films before and after the
adhesion test: on ITO substrate (a) f1; (b) f2; (c) f3; (d) f4; (e) f5; (f) f6; (g) f7; (h) f8.
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Abstract: Articular cartilage lesions are challenging to regenerate, prompting the investigation of
novel biomaterial-based therapeutic approaches. Extracellular matrix (ECM)-derived biomaterials are
a promising option for this purpose; however, to date, the combination of amniotic membrane (AMM)
and articular cartilage (ACM) has not been tested. This study evaluated different concentrations
of soluble extracts from the decellularized ECM of amniotic membrane (dAMM) and articular
cartilage (dACM), both individually and in combination, to determine their ability to maintain
the chondrogenic phenotype in human chondrocytes. After the decellularization process 90–99%
of the cellular components were removed, it retains nearly 100% of type 2 collagen and 70% of
aggrecan (ACAN) for dACM, and approximately 90% of type IV collagen and 75% of ACAN for
dAMM. The biological activity of soluble extracts from dACM and dAMM were evaluated on
human chondrocytes. After 72 h, 1.5 mg/mL of dACM and 6 mg/mL of dAMM significantly
increased (p < 0.05) the proliferation and expression of SOX9 and ACAN. Also, the combination of
both (1.5 mg/mL dACM and 6 mg/mL dAMM) showed synergistic effects, enhancing chondrocyte
proliferation, maintaining chondrogenic lineage, and increasing the production of cartilage ECM
components, such as COLII (1.5-fold), SOX9 (2-fold), and ACAN (2-fold). These results suggest that
the combined use of dACM and dAMM has potential for cartilage regeneration.

Keywords: articular cartilage; amniotic membrane; fibrin scaffold; tissue engineering; chondrocyte;
ECM-derived biomaterials

1. Introduction

Articular cartilage injury poses a significant challenge in orthopedics due to its limited
self-repair capacity, often leading to conditions like osteoarthritis if left untreated [1]. In re-
sponse, innovative therapeutic strategies such as tissue engineering, regenerative medicine,
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and cell therapy, often in conjunction with biomaterials, have emerged as promising ap-
proaches for addressing such injuries [2]. Among these, biomaterials derived from the
extracellular matrix (ECM) have garnered attention for their biomimetic properties, closely
resembling the native tissue ECM composition [3].

The ECM is a complex structure containing bioactive molecules critical for maintain-
ing tissue integrity and function [4]. ECM-based biomaterials provide an ideal microen-
vironment for cell adhesion, proliferation, and differentiation, and they contain growth
factors and signaling molecules that facilitate tissue repair and regeneration [5,6]. These
biomaterials also exhibit excellent biocompatibility and cytocompatibility, essential for
various biomedical applications [6]. However, the presence of cellular components in
ECM-based materials can trigger immune responses and implant rejection, necessitating
decellularization [7].

Decellularized ECMs (dECM) derived from different sources, such as porcine liver [8],
porcine kidney [9], rat pancreas [10], spinal cord meninges [11], tendon [12], periodontal
ligament [13], and others, including amniotic membrane [14,15] and articular cartilage, have
shown promise in tissue regeneration [16]. The decellularization process aims to remove
cells while preserving the native ECM architecture and bioactive components [17]. Despite
their potential in cartilage repair, challenges remain, such as managing inflammatory
responses associated with these matrices and limited availability of healthy tissues for
decellularization [18,19].

Decellularized articular cartilage ECM (dACM) has gained attention for its ability to
retain tissue-specific proteins and bioactive molecules crucial for cartilage regeneration,
even after cellular removal [20]. Biofunctionalized dACM scaffolds have demonstrated suc-
cess in recruiting host cells and promoting chondrogenic differentiation, showing promise
for in situ cartilage regeneration [21]. Similarly, decellularized amniotic membrane ECM
(dAMM) is notable for its regenerative capabilities in promoting chondrocyte proliferation
and cartilage repair [22]. The unique composition of dAMM, including hyaluronic acid,
proteoglycans, and growth factors like EGF and bFGF, supports chondrocyte function and
enhances cartilage repair strategies [23,24].

Despite their individual successes, the combined effects of dACM and dAMM have not
been thoroughly studied, either in vitro or in vivo. This study aims to evaluate the individ-
ual and combined effects of dECM derived from articular cartilage and amniotic membrane
on maintaining the chondrogenic phenotype of human chondrocytes. This research seeks
to elucidate whether combining these biomaterials can enhance their therapeutic potential
for cartilage repair and regeneration.

The aim of this work was to study the biological activity of an ECM decellularized
from articular cartilage (dACM) and another from amniotic membrane (dAMM) individu-
ally and in combination on human chondrocytes. The method of decellularization used
detergents and hypotonic buffers, then lyophilization and pulverization. We evaluated
particle size by SEM, and the process of decellularization was validated by DAPI fluo-
rescence staining and H and E staining. Preservation of key ECM components such as
collagens and glycosaminoglycans was carried out through histological staining, and we
evaluated the percentage retention of type 2 collagen and aggrecan by IH and validated it
by FT-IR. The biological activity of the soluble extract of the matrices (dACM and dAMM)
was evaluated individually and in combination in vitro on human chondrocytes at 24, 48,
and 72 h by cell proliferation assays and expression of chondrogenic genes (SOX9, COL-II,
ACAN and RUNX2).

2. Materials and Methods
2.1. Human Cartilage Collection and Preparation of Decellularized Articular Cartilage
Matrix (dACM)

Human articular cartilage slices (thickness = 2 mm) were obtained from cadaveric
donors in an aseptic environment (Research Ethical Committee approval number BI23-001).
The cartilage was collected from the areas of the condyles, patella, and femoral trochlea
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using a No. 24 scalpel (SensiMedical, Aventura, FL, USA). The cartilage slices were
washed three times with PBS (1×, Gibco, Grand Island, NY, USA) containing an Antibiotic–
Antimycotic solution (100×, 10,000 units/mL of penicillin, 10,000 µg/mL of streptomycin,
and 25 µg/mL of Amphotericin B, Gibco, USA). The slices were then stored at −80 ◦C
until use.

The decellularization protocol was performed on cartilage from 20 donors as previ-
ously described by Perez-Silos [25]. Briefly, 205 g of articular cartilage was exposed to
five cycles of thermal shock in liquid nitrogen for 5 min, followed by a wash in PBS (1X,
Gibco, USA) for 10 min. The cartilage was then crushed with a blender. The pulverized
cartilage was washed for 24 h in 10 volumes of hypotonic buffer (10 mM TRIS-HCl, 2 mM
EDTA, pH 8) supplemented with 100 mM KCl (99%, SIGMA-ALDRICH, St. Louis, MO,
USA) and 5 mM MgCl2 (98%, SIGMA-ALDRICH, USA). Next, 10 volumes hypotonic buffer
supplemented with 100 mM KCl, 5 mM MgCl2, and 0.5% SDS (99%, SIGMA-ALDRICH,
USA) was added for 18 h. Finally, the matrix was washed with 10 volumes of hypotonic
buffer containing 0.5% SDS for 36 h. Following sterile PBS rinsing to eliminate the remain-
ing SDS (3 times), the samples were immediately frozen at −80 ◦C. The samples were
lyophilized for 24 h to completely remove interstitial fluid, followed by fine pulverization
using a K10 pulverizer mill (Micron, Shanghai, China) and a Freezer/mill 6870 (SPEX®
SamplePrep, Metuchen, NJ, USA). The decellularized articular cartilage matrix (dACM)
was then sterilized with ethylene oxide and stored at −80 ◦C until use. The experimental
strategy we followed in this study is shown in Figure 1.
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2.2. Amniotic Membrane Collection and Preparation of Decellularized Amniotic Membrane
Matrix (dAMM)

After obtaining informed consent, the surgical intervention was performed. Human
placentas were taken from the toco-surgery operating room (Research Ethical Committee
approval number BI23-001). The samples were collected and transported at 4 ◦C in 50 mL
sterile tubes containing PBS with Antibiotic–Antimycotic solution (100×, 10,000 units/mL
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of penicillin, 10,000 µg/mL of streptomycin, and 25 µg/mL of Amphotericin B, Gibco,
USA). In a sterile environment and after three washes with PBS, the samples were cut
into pieces of approximately 1 cm2 and immediately stored at −80 ◦C until use. A total of
30 amniotic membranes were collected.

The decellularization protocol for the amniotic membrane was performed on the
30 collected membranes (125 g), as described previously by Villamil et al. (2019) [26].
Briefly, all amniotic membranes underwent five freezing cycles in liquid nitrogen (−196 ◦C)
for 30 min, followed by thawing in a serological bath (Precision Scientific Inc., Chicago,
IL, USA) at 37 ◦C for 30 min. The membranes were then treated with 0.1% Tween 80
(SIGMA-ALDRICH, USA) for 4 h, soaked in 0.1 M NaOH (97%, JALMEX, Guadalajara,
México) for 1 h, and treated with 0.15% peracetic acid (PAA, 15%, Cetik, Cualiacán, México)
in ethanol (96%, CTR, Monterrey, México). The membranes were bleached with NaOH
0.1 M for 1 h and PAA 0.15% for another hour. A final wash with 70% ethanol was applied
for 1 h to remove residual nucleic acids and phospholipids from the tissue. Finally, all
ethanol was eliminated by washing with PBS for 2 h (three times), and the membranes were
stored at −80 ◦C. Throughout the process, the membranes were gently agitated to ensure
a homogeneous wash and minimal damage to the tissue ultrastructure. The amniotic
membranes were then lyophilized for 24 h to completely remove liquids, followed by fine
pulverization using a K10 pulverizer mill (Micron, Shanghai, China) and a Freezer/mill
6870 (SPEX® SamplePrep, Metuchen, NJ, USA). The decellularized amniotic membrane
matrix (dAMM) was sterilized with ethylene oxide and stored at −80 ◦C until use.

2.3. Histological and Immunohistochemical Analyses

Both the dACM and dAMM were fixed in 4% PFA for 24 h, then embedded in paraffin
blocks using conventional histological methods. Subsequently, 4 µm histological sections
were prepared and stained with various dyes for different analyses. To evaluate DNA,
nuclear, or cell remnants on the matrices, 4′,6-diamidino-2-phenylindole (DAPI, VECTOR,
Newark, CA, USA) staining was used. Hematoxylin and eosin (H and E) staining examined
the general histology of the samples. Safranin O staining detected the presence of sulfated
proteoglycans, while Masson’s trichrome staining visualized collagen fibers in the ECM.

The conservation of ECM components, such as type II collagen fibers and aggrecans,
was analyzed by immunohistochemistry (IHC). Primary antibodies, anti-col II (dilution
1:400, ab34712, ABCAM, Cambridge, UK), and anti-aggrecan (dilution 1:100, ab3778, AB-
CAM, Cambridge, UK) were used and incubated at 4 ◦C overnight. The mouse- and
rabbit-specific detection system HRP/DAB (ABC) detection IHC kit (ab64264m, ABCAM,
Waltham, MA, USA) was employed, with Gill’s hematoxylin (SIGMA-ALDRICH, USA) as a
counterstain. Negative controls for the IHC were samples of articular cartilage without the
primary antibody. Images were captured with an Olympus AX70 microscope (Olympus,
Tokyo, Japan). For analysis, 10 fields per slide (3 slides per tissue) were examined to calcu-
late the respective antibody-positive area percentage using ImageJ software Version 1.54g.

2.4. dACM and dAMM Microstructure Analysis

The lyophilized dACM and dAMM were sputter-coated with gold and transferred to
a scanning electron microscope (SEM) (JSM-6390LV, JEOL, Tokyo, Japan). The particle size
was then measured through image analysis.

2.5. FT-IR Spectroscopy

The Fourier transform infrared spectroscopy (FT-IR) spectral profiles of dACM and
dAMM were obtained using a PerkinElmer Frontier spectrometer in a spectral range of
400–4000 cm−1. This analytical approach allowed for the detailed examination of the
molecular composition and structural characteristics of the samples.
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2.6. Chondrocytes Isolation and Cuture

Chondrocytes were isolated from the knee joints of healthy human donors and cadav-
eric donors (Research Ethical Committee approval number BI23-001). Briefly, the articular
cartilage tissue was cut into small pieces (<1 mm) and incubated with 2.5% trypsin (Gibco,
USA) at 37 ◦C for 30 min. Following the removal of the trypsin solution, the tissue was
digested with 2 mL of 0.2% type II collagenase (Gibco, USA) at 37 ◦C for 2 h. Released
cells were obtained by centrifugation at 4000 rpm for 10 min, and the remaining tissue was
digested one more time for 90 min. The cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM; Gibco, USA) supplemented with 10% FBS (Gibco, USA) containing
Antibiotic–Antimycotic solution (100×, 10,000 units/mL of penicillin, 10,000 µg/mL of
streptomycin, and 25 µg/mL of Amphotericin B, Gibco, USA). The medium was replaced
every 2 days. Once the cells reached 80%–90% confluence, the chondrocytes were used for
all subsequent experiments. Chondrocytes with more than 3 passages were not used.

2.7. In Vitro Cell Culture Assays

The soluble extract of decellularized ECM was prepared by incubating 200 mg of
dACM or dAMM with 2 mL of serum-free OptiMEM (Gibco, USA) at 37 ◦C for 24 h.
Following the incubation period, the medium was cleared by centrifugation at 4000 rpm
for 20 min; then, the supernatant medium was diluted with 5% FBS OptiMEM to the
concentrations of 15 mg/mL, 7.5 mg/mL, 1.5 mg/mL, and 0.15 mg/mL of dACM (Dry
weigh), as described by [27], and 12 mg/mL, 6 mg/mL, 3 mg/mL, and 0.3 mg/mL of
dAMM (Dry weigh), as described by [28], and stored at −20 ◦C or used immediately. For
cellular proliferation and cytotoxicity assays, 5 × 103 chondrocytes were seeded per well
in a 96-well plate with 100 µL/well OptiMEM supplemented with 5% FBS. After 24 h of
incubation, the medium was removed, and the cells were treated with 100 µL/well of the
medium at the different concentrations of the soluble extract of dACM or dAMM. The
cells were then incubated for 24, 48, and 72 h. ATP luminescence was determined using
CellTiter-Glo (Promega, Madison, WI, USA) to evaluate proliferation. A CellTiter-Glo
reagent (100 µL) was added to each well, agitated for 2 min at 300–500 rpm, and incubated
for 10 min at room temperature. Luminescence was quantified using a Cytation 3 plate
reader (BioTek, Winooski, VT, USA). The percentage of cell death was calculated using the
following formula:

1 − treatment mean luminescence
treatment mean luminescence

× 100

2.8. Chondrogenic Gene Expression

The chondrocytes were seeded into a 24-well plate at 1 × 105 cells/well with OptiMEM
supplemented with 5% FBS. After 24 h of incubation, the cells were treated with the soluble
extract at concentrations of 15 mg/mL, 7.5 mg/mL, 1.5 mg/mL, and 0.15 mg/mL for
dACM, and 12 mg/mL, 6 mg/mL, 3 mg/mL, and 0.3 mg/mL for dAMM. The cells were
then incubated for 24, 48, and 72 h.

RNA isolation was carried out using the RNeasy Mini Kit (Qiagen, Germantown, MD,
USA) according to the manufacturer’s protocol. Reverse transcription of total RNA to
single-stranded cDNA was completed using the SuperScript™ III First-Strand Synthesis
System kit (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s instructions.
Gene expression was analyzed using a 7500 real-time PCR system (Applied Biosystems,
Waltham, MA, USA). TaqMan probes, purchased from Applied Biosystems, included
several target genes: Beta-2 microglobulin (B2M: endogenous control; ID: Hs99999907_m1),
aggrecan (ACAN; ID: Hs00153936_m1), SRY (sex-determining region Y)-box 9 (SOX9; ID:
Hs00165814_m1), type II collagen (COL2A1; ID: Hs00156568_m1), and RunX2. Data from
3 samples were evaluated as mRNA levels in triplicate. The 2−∆∆Ct method was used to
calculate the relative expression (RQ) of each target gene.
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2.9. Statistical Analysis

All experiments were performed in triplicate and repeated three times. Statistical
analysis was conducted using GraphPad Prism 9.0.2 software. First, the Shapiro–Wilk test
was performed to evaluate the normal distribution of the quantitative variables including
results from decellularization, morphometric analysis, relative gene expression, and cell
proliferation. Afterward, an unpaired t-test with Welch’s correction was used to evaluate
significant differences in such quantitative analyses. Data are presented as mean and
standard deviation (SD). Statistical significance was set at * p < 0.05, ** p < 0.01, *** p < 0.001.

3. Results
3.1. Particle Sizes and Assays to Evaluate the Decellularized Process

After the decellularization, lyophilization, and pulverization of the articular cartilage
and amniotic membrane, fine whitish powder for dACM (Figure 2A), and slightly coarser
yellowish powder for dAMM (Figure 2D) were obtained. Scanning electron microscopy
analysis revealed that both matrices exhibited a porous structure with varying particle
sizes. The particle size of dACM ranged from 1.6 to 600 µm (Figure 2B,C), while for dAMM,
it ranged from 0.3 to 1700 µm (Figure 2E,F).
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To assess the degree of decellularization, DAPI staining and H and E staining were
conducted. The staining showed residual nuclei in the ECM of both tissues (Figure 3A,F).
Image analysis indicated that dACM had less than 5% residual nuclei compared to native
cartilage (Figure 3E), whereas dAMM was nearly completely decellularized, with only
about 1% residual nuclei compared to native amniotic membrane (Figure 3J). H and E
staining further revealed the absence of chondrocyte nuclei in decellularized cartilage
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(Figure 3B) and the lack of epithelial cell nuclei in decellularized amniotic membrane
(Figure 3G). The decellularization process eliminated over 90% of cells in both dACM and
dAMM, as evidenced by the staining results.

Figure 3. Histological characterization of articular cartilage (AC) and amniotic membrane (AM)
before and after decellularization. (A) DAPI staining of AC; (B) hematoxylin and eosin staining of
AC; (C) Masson’s trichrome staining of AC; (D) Safranine O staining of AC; (E) quantification of AC
decellularization; (F) DAPI staining of AM; (G) hematoxylin and eosin staining of AM; (H) Masson’s
trichrome staining of AM; (I) Safranine O staining of AM; (J) quantification of AM decellularization.
**** = t test p value ≤ 0.0001.

3.2. Preservation of the Native Structure before and after Decellularized Process

To ensure that the chemical decellularization and mechanical pulverization processes
did not alter the essential extracellular matrix (ECM) components of the tissues, a compre-
hensive histological and immunohistochemical characterization was conducted. Histolog-
ical analysis using H and E staining confirmed the preservation of the ECM structure of
both cartilage (Figure 3B–D) and amniotic membrane (Figure 3G–I). Eosin binding to ECM
components was observed in both native and decellularized tissues. Masson’s trichrome
staining further demonstrated the presence of collagens in the decellularized ECMs, indi-
cated by a blue color characteristic of aniline blue in both cases (Figure 3C for cartilage and
Figure 3H for amniotic membrane).

Safranin staining was employed to assess the preservation of aggrecans. While no
differences were noted in the cartilage before and after decellularization (Figure 3D), a
decrease in staining intensity was observed in the decellularized amniotic membrane
(Figure 3I).

Immunohistochemical staining for type 2 collagen and aggrecan was performed
with semi-quantitative analysis (Figure 4A,B for cartilage and, Figure 4E,F for amniotic
membrane). The results showed that dACM retained nearly 100% of the type 2 collagen
found in native cartilage (Figure 4C), but there was a 30% decrease in aggrecan compared
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to native tissue (Figure 4D). For dAMM, approximately 89% of type IV collagen and almost
75% of aggrecan were retained (Figures 4G and 4H, respectively).
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To validate the preservation of the main component collagen, Fourier transform
infrared (FT-IR) spectroscopy was utilized to identify the main components in the matrices.

The FT-IR spectra of dACM revealed peaks associated with structural type II collagen
amides A, B, I, II, and III (Figure 4I). On the other hand, the FT-IR spectrum of dAMM
exhibited peaks corresponding to type IV collagen (Figure 4J). Overall, the comprehensive
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characterization through histological, immunohistochemical, and FT-IR analyses confirmed
the successful preservation of essential ECM components in both dACM and dAMM.

3.3. Proliferative Effect of Individually Soluble Extracts from dACM and dAMM on Human

After confirming the preservation of essential components relevant to the cartilage
regeneration environment, the effects of both extracellular matrices (ECMs) on chondrocytes
were analyzed to determine the concentration that elicits the greatest biological effect.

The assays revealed that the dACM and dAMM extracts can induce chondrocyte
proliferation. At 24 and 48 h, no significant differences were observed compared to the
negative control. However, after 72 h of culture, the dACM extract at all concentrations
demonstrated the highest proliferation and viability rates in chondrocytes (p < 0.001), as
depicted in Figure 5A. Similarly, dAMM showed no effect at 24 h, but at 48 h, treatment with
dAMM extract at concentrations of 6 and 12 mg/mL increased the number of cells (p < 0.05).
Notably, at 0.3 mg/mL, the cell count increased by almost 30%, resulting in significant
differences compared to the control (p < 0.001). By 72 h, all evaluated concentrations
showed a 40% increase in the number of cells compared to the control, as illustrated in
Figure 5D (p < 0.05).

3.4. Evaluation of the Expression Level of Chondrogenesis-Related Markers

At 24 h, the dACM extract at concentrations of 0.15 and 1.5 mg/mL significantly
increased SOX9 expression. At 48 h, a higher SOX9 expression was observed at concentra-
tions of 1.5, 7.5, and 15 mg/mL compared to the untreated control group. Interestingly, at
72 h, the group treated with 1.5 mg/mL dACM showed the highest expression of SOX9,
with levels almost three times higher than the untreated control group (Figure 5B).

Conversely, the dAMM extract increased SOX9 expression in all groups, with a sig-
nificant difference observed at 6 mg/mL compared to the control. At 48 h, concentrations
of 6 and 12 mg/mL significantly increased SOX9 expression by almost 6-fold. At 72 h,
a decrease in SOX9 expression was further observed, although concentrations of 3 and
6 mg/mL still showed higher expression levels than the control group (Figure 5E).

Analysis of ACAN expression showed that only the dACM at 1.5 mg/mL increased the
expression of this gene at 24, 48, and 72 h (p < 0.05) (Figure 5C). On the other hand, ACAN
expression levels were increased in the presence of dAMM at 24 h, with all concentrations
showing higher expression levels than the control group. Significant differences were
observed at concentrations of 3 and 6 mg/mL. At 72 h, ACAN expression decreased, but
concentrations of 3, 6, and 12 mg/mL still showed significantly higher expression levels
compared to the control group. (Figure 5F).

Interestingly, the dACM extract did not induce RUNX2 expression in any of the treated
groups. In contrast, the dAMM extract increased RUNX2 expression at 24 h, but this effect
was not sustained at 48 and 72 h (Figure 5G).

3.5. Analysis the Combination of dACM and dAMM on Cell Proliferation and Chondrogenic
Gene Expression

To assess the combined effect of dACM and dAMM, concentrations were selected
based on previous experiments that demonstrated a higher proliferative index and in-
creased levels of SOX9 and ACAN expression in chondrocytes. The concentrations chosen
were 1.5 mg/mL of dACM and 6 mg/mL of dAMM. The mixture of these matrices sig-
nificantly increased cell proliferation after 24, 48, and 72 h, showing notable differences
compared to the controls (p < 0.001). Meanwhile, at 72 h, the dACM control exhibited a
higher percentage of live cells than the mixture; the cell counts in the mixture remained
consistently higher than the control (Figure 6A).
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In the presence of both matrices, SOX9 expression at 24 and 48 h surpassed that of
groups treated with only dACM or dAMM, as well as the untreated control (p < 0.05).
At 48 h, the mixed group displayed the highest SOX9 expression, significantly differing
from both the control group and the group treated with dAMM alone. However, by 72 h,
a higher SOX9 expression was observed after treatment with dAMM (Figure 6B). The
combination of both matrices increased COL-II expression at 24, 48, and 72 h; however, this
expression decreased with time, and at 72 h, the mixture showed significant differences
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with respect to the untreated control and dAMM group (Figure 6C). At 48 h, dAMM
exhibited higher ACAN expression compared to dACM; nevertheless, by 72 h, the mixed
group displayed the highest ACAN expression compared to the untreated control or
either dACM or dAMM alone (Figure 6D). Notably, all experiments involving dACM and
dAMM, either individually or in combination, showed reduced expression of RUNX, an
osteogenic marker.

4. Discussion

In this study, we generated two decellularized biological matrices: one from articular
cartilage (dACM) and the other from amniotic membrane (dAMM). Both matrices exhibited
biological activity and a high content of biomolecules associated with cartilage generation.

Decellularized extracellular matrices (ECMs) have been extensively utilized in tissue
engineering to treat tissue injuries by preventing scar formation and promoting regenera-
tion [29]. They have garnered significant attention for their ability to maintain biological
activity, preserve growth factors, and important proteins following chemical/physical
decellularization processes. In tissue engineering, native-tissue-derived ECMs are often
pulverized into powders that can be further processed into various forms, such as hy-
drogels, foams, nanofibers, coatings, and 3D-printed constructs [30]. This versatility in
processing powdered ECM allows for the fabrication of scaffolds tailored to specific tissue-
engineering needs, promoting tissue regeneration [3]. In this work, we assess the potential
of blending dACM and dAMM for use in cartilage engineering.

A fundamental aspect of working with biological tissues is ensuring complete removal
of cellular components. There are three essential criteria for successful tissue decellu-
larization: (a) the decellularized ECM should contain less than 50 ng/mg dry tissue of
dsDNA, (b) any remaining DNA fragments should be smaller than 200 base pairs, and (c)
the decellularized ECM should show no visible nuclear material when stained with DAPI
or hematoxylin and eosin [31,32]. In our study, dACM showed over 95% decellularization,
with no observed nuclei in DAPI or H and E staining, consistent with other reported
protocols using varying decellularization times and methods [26,27,33]. dAMM achieved
almost complete removal (99.5%) of cellular components, similarly showing no visible
nuclei in staining. However, to fully meet the third criterion, future studies should include
DNA concentration analysis in the decellularized matrices, which was not performed in
our study.

Decellularization techniques are crucial for removing cellular components while pre-
serving ECM proteins and glycosaminoglycans [31,34], thereby maintaining the structural
and functional properties essential for regenerative potential [35]. Furthermore, preserva-
tion of protein–GAG and protein–protein interactions during decellularization processes
helps maintain ECM’s native structure [31]. Our matrices retained major components such
as type II collagen and aggrecan, as confirmed by histological staining and immunohisto-
chemistry. While collagen preservation was nearly 100% in both matrices, a significant loss
of aggrecan during decellularization was noted, likely due to its localization on hyaluronan
molecules within the ECM 3D structure [36]. Nevertheless, retention levels exceeding 70%
were observed in both dACM and dAMM, consistent with findings by Guo et al. [37],
where collagen preservation was nearly complete, while glycosaminoglycan levels varied
depending on the decellularization method [37,38]. The FT-IR analysis confirmed the
presence of type II collagen in dACM and type IV collagen in dAMM.

Studies have highlighted the significant influence of ECM particle size on tissue
formation and fate, independent of initial biomaterial composition [39,40]. For instance,
nanometer-sized ECM particles have been proposed to enhance cellular responses under
culture conditions, emphasizing particle size’s role in cell proliferation, differentiation, and
tissue development [41]. Our matrices exhibited heterogeneous particle sizes, beneficial for
scaffold biomechanics, growth factor release, and tissue-derived protein interaction [42]. It
was reported that the microarchitecture and bioactivity of porous scaffolds significantly
influence cartilage-tissue-engineering outcomes, showing that the scaffold composition
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facilitated cartilage maturation and ECM secretion, and controllable pore sizes can induce
cartilage regeneration [43].

When we analyzed the soluble extract of the decellularized matrices, we confirmed
that our ECM-derived biomaterials have biological activity, as they were able to induce
the proliferation of chondrocytes in culture after 48 h [16,23], which are associated with
chondrocyte proliferation and maintenance of the chondrogenic lineage. This can be due
to presence of soluble growth factors, such as bFGF, insulin-like growth factor-1 (IGF-
1), vascular endothelial growth factor (VEGF), transforming growth factor-β1 (TGF-β1),
bone morphogenic protein-2 (BMP-2), and growth differentiation factor 7 (GDF-7) in
dACM or EGF, KGF, HGF, TGF-β1, TNF-α, EGF, IGF-1, PDGF–BB, HGF, VEGF, and bFGF,
which can modulate the bioactivity of dAMM. According to a decellularization protocol
applied to decellularized amniotic membrane, detergents, such as triton and hypotonic
buffers, and NaOH do not affect the detection of structural proteins, as shown in this
work [44,45]. However, the limitation of this study is the lacking characterization of soluble
growth factors.

Our results demonstrated that dACM and dAMM were able to increase the expression
levels of SOX9 and can maintain the chondrocyte cell lineage. The main component of
hyaline cartilage is type 2 collagen; the combination of dACM and dAMM was shown to be
able to improve the expression of COL-II in chondrocytes; however, although the dAMM
group was shown to induce higher levels at the three measured times and dACM was
shown to induce higher levels at 48 h, these show a tendency to decrease the expression
with the passage of time; this could indicate that the combination of dACM and dAMM
could generate more stable and maintainable results over long periods of time, but further
tests are still needed to confirm this. Several authors report a significant increase in
COL-II in mesenchymal stem cell cultures when exposed to decellularized matrices for
7 and 14 days [46–48]; however, this may differ from our results because we used an
already differentiated cell line, which could influence the COL-II expression patterns, since
chondrocytes do not go through a differentiation stage [49]; so, the bioactive components
of the extracts could affect the cell line differently.

On the other hand, the expression levels of ACAN changed drastically and increased
almost fourfold compared to the treatment with only one decellularized matrix (dAMM),
showing an effect on ECM components synthesis. Another beneficial was used because one
of the main problems with chondrocytes is that only young cell lines can be used since old
cell lines tend to become undifferentiated [50]. Furthermore, as shown by the lack of RUNX2
expression, dACM alone or in combination with dAMM did not promote osteogenic
differentiation. Regarding the production of cartilage components, dAMM induced higher
levels of ACAN expression compared to dACM. This can be attributed to the higher
amounts of TGF-β found in the amniotic membrane compared to articular cartilage [16,23].
Another important point to consider is that in several published works [27,47,48,51,52],
decellularized matrices were directly added to scaffolds in 3D cultures. This can delay
the release of active components of the matrices and regulate the supply of these active
components; so, the effect on the cells is different. Meanwhile, in our approach, all active
components are available in the 2D culture, which could explain why most of the genes
that were measured (either in the presence of one or another decellularized matrix or both)
presented a peak of expression at 48 h and subsequently decreased the expression.

Our results suggest that decellularized matrices derived from articular cartilage and
amniotic membrane promote the proliferation and maintenance of the chondrogenic lineage,
and the combination of both (dAMM and dACM) has greater potential in the engineering
of cartilage tissue. Given their high collagen content, these materials could potentially
serve as effective scaffolds, particularly in hydrogel formulations through simple enzymatic
digestion. Future research should involve testing these materials in 3D in vitro models
followed by in vivo studies
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5. Conclusions

According to our results, ECM from articular cartilage and decellularized, pulver-
ized, and freeze-dried amniotic membrane had heterogeneous particle sizes ranging from
1.6 to 600 µm for dAMM and 0.3 to 1700 µm for dACM, as well as preserved essential
components of the ECM, such as collagen and ACAN. Biological activity using soluble
extracts individually stimulated the proliferation of chondrocytes, and the expression of
chondrogenic genes (SOX9, ACAN and COLII) at all evaluated times but were higher
after 72 h. We observed the greatest effects with dACM at 1.5 mg/mL and 6 mg/mL for
dAMM. The combination of dACM and dAMM showed synergistic effects, improved the
expression of chondrogenic markers, and proliferated and increased the production of
cartilage extracellular matrix components more than those used individually, suggesting
that the combination of dACM and dAMM has potential for the cartilage regeneration.
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Abstract: The materials traditionally used for implant applications, such as titanium alloys, cobalt
chromium, and zirconium, often require surface modifications to achieve the desired osseointegration.
These materials still have the problematic stress-shielding effect. To limit stress shielding, PEEK is
the superior alternative to fulfill implant needs. However, the traditional methods of modifying and
functionalizing the surface of PEEK are often expensive, time consuming, and are not easily translated
into commercialization. Sulfonation is a process, which is dependent on controllable factors. Thus
far, no research has been performed to optimize the sulfonation process. Our data suggest that the
process factors can be controlled and optimized. Cellular activity was examined on the optimized
PEEK surfaces through testing with pre-osteoblast MC3T3-E1 cells through cell viability (MTT assay),
cell proliferation (DNA assay), cell differentiation (ALP assay), and cell mineralization (Alizarin red
assay). Overall, sulfonated and heat-treated PEEK exhibited a statistically significant increase in DNA
content over the course of 21 days, indicating more cell proliferation and viability for that surface.
In vitro testing results showed that the optimized sulfonated and heat-treated PEEK exhibited superior
cell proliferation and mineralization performance over smooth PEEK and sulfonated-only PEEK.

Keywords: surface modification; PEEK; osseointegration; sulfonation; porosity

1. Introduction

The need for orthopedic implants to treat musculoskeletal disorders has been on
the rise and is expected to continue increasing as the age of the population increases.
There was a 113% increase in spinal fusion procedures from 1998 to 2011 and a total of
1,390,611 spinal procedures in 2011 according to the HCUP Nationwide Inpatient Sample
(NIS) [1]. However, up to 10% of these implants experience failure due to causes such
as poor osseointegration, infection, and failure/breakage [2–5]. Osseointegration is the
direct connection between living bone and the surface of an implant and is crucial for the
long-term success of an implant [6]. Successful osseointegration into an implant interface is
mainly influenced by material stiffness and porosity ranging in size from 100 to 600 µm;
thus, it is critical to find the appropriate material and apply a surface modification, which
will be conducive to enhanced osseointegration [6–8].

Polyetheretherketone (PEEK) is a semi-crystalline non-resorbable polymer, which is
radiolucent, biocompatible, and resistant to most chemicals. PEEK has gained popularity
as an alternative replacement for titanium-based implants in orthopedic applications,
such as spine surgery, prosthodontics surgery, and maxilla-facial surgery, over recent
decades [9–13]. PEEK has an elastic modulus of 3–8 GPa, which is similar to the 7–30 GPa
range of human cortical bone; therefore, the problem of stress shielding often seen with
titanium implants, which have an elastic modulus of 55–110 GPa, is diminished when a
PEEK-based material is utilized [13–18]. One disadvantage of utilizing PEEK as an implant
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material is that the material is bioinert and requires surface modifications to elicit any
desirable cellular responses [9,11,19–22].

Osseointegration is influenced by surface features such as roughness and wettability
and is favorable to porous surfaces because they promote cellular attachment and allow
cell infiltration. Osteoblasts range in size from 10 to 50 µm, but the typical pore sizes used
for orthopedic applications, which have shown propitious osseointegration, are in the size
range of 100–400 µm [8,23–27]. Surface roughness on the micro-scale, typically noted as
1–50 µm, can enhance cell adhesion and osseointegration by increasing early mechanical
interlocking of the osteoblast cells, and roughness on the nano-scale of 1–1000 nm can
act to signal cellular attachment and differentiation, since the roughness of natural bone
is around 32 nm [23–26,28–30]. It is thought that a more hydrophilic surface, which al-
lows for increased protein adsorption and favorable protein conformations, will improve
cell attachment [23,31,32]. However, studies of how wettability influences osseointegra-
tion have produced contradicting results in the literature, which shows surfaces ranging
from superhydrophobic (water contact angle >150◦) to superhydrophilic (water contact
angle approaching 0◦) to be optimal for attachment and growth of osteoblasts [31,33–36].
The literature tends to point toward wettability being a secondary influence on osseoin-
tegration, whereas features such as porosity, roughness, and coatings are the primary
influences [32,35,37,38].

Sulfonation, which is the use of sulfuric acid to etch a surface, has long been performed
as a method to modify aromatic polymers for the production of proton-exchange mem-
branes for technologies such as polymer fuel cells and electrodialysis [39–41]. The porous
network left behind on the surface of the sulfonated PEEK has encouraged researchers
to utilize the technology for biomedical applications [42–45]. PEEK sulfonation is an elec-
trophilic reaction in which the hydroquinone unit benzene-1,4-diol, beside the ether bridge,
is sulfonated, leaving behind a sulfonic acid, the -SO3H group, as seen in Figure 1 [39,41,44].
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Figure 1. Chemical reaction for creating sulfonated PEEK [46].

This sulfuric acid etching creates a porous structure on the PEEK surface, which
can be conducive to cellular attachment; however, the residual -SO3H group left behind
can be toxic to an in vitro/in vivo environment, thus needing to be removed through a
de-sulfonation process. Hydrothermal treatment with water is a method, which can be
used to remove the residual -SO3H groups, as seen in Figure 2. In the presence of water
and heat, the water molecules react with hydrogen (H) on the sulfur trioxide (SO3) group,
creating hydronium (H3O), which reacts with the benzene ring, causing SO3 to detach and
leave as a gas when heated to its boiling point of 45 ◦C [47].
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The purpose of this study was to investigate the potential effects sulfonation process-
ing may have on modifying the surface of PEEK for enhanced osseointegration. Design
of experiment (DOE) methods were performed to optimize surface features and surface
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porosity on PEEK. A hydrothermal treatment process was also utilized on the optimized sul-
fonated PEEK surface to remove the residual sulfocompound groups to render the surfaces
advantageous to cellular attachment, proliferation, and differentiation. After successful
optimization of the sulfonation process, an in vitro study with pre-osteoblast MC3T3-E1
cells was examined on the optimized PEEK surfaces though cell viability (MTT assay),
cell proliferation (DNA assay), cell differentiation (ALP assay), and cell mineralization
(Alizarin red assay).

2. Materials and Methods
2.1. Materials

Medical-grade PEEK rods with approximately ½” diameters were provided by Zava-
tion Medical Products, LLC (Flowood, MS, USA). Concentrated sulfuric acid (95%–98%)
was purchased from Sigma-Aldrich (Burlington, MA, USA). Silicon carbide grinding paper,
grit 320, was purchased from Struers (Cleveland, OH, USA) for preparation of the PEEK
surfaces before sulfonation.

2.2. Specimen Preparation

Disk-shaped specimens with a thickness of approximately 4 mm and a diameter of
approximately 12.5 mm were cut from the PEEK rods using a Struers Accutom-50 sectioning
saw (Cleveland, OH, USA). The disk specimens were then mounted in bakelite (Struers
Citopress-20, Cleveland, OH, USA) and subsequently grinded for 15 s using a 320-grit
silicon carbide grinding paper, washed, and grinded again for 15 s (Struers TegraPol,
Cleveland, OH, USA). The specimens were removed from the mount and underwent a
5-stage wash cycle, consisting of the following: ultrasonic clean in Alconox® (Alconox Inc.,
White Plains, NY, USA) for 5 min, rinse with distilled water, ultrasonic clean in distilled
water for 5 min, rinse with ethanol, and rinse with distilled water. The specimens were
then allowed to air dry at room temperature and stored until further use.

2.3. Experimental Design—Optimizing the Sulfonated Surface

An altered design of experiment (DOE) approach was utilized to optimize the surface
porosity on the PEEK specimen. Minitab® software Version 20.1.3.0 (State College, PA,
USA) was used to generate some of the experimental designs; however, because some
specimens early in the optimization process did not have measurable features (i.e., pore
size), a qualitative approach to narrowing down the sulfonation processing factors had to
be adopted. Therefore, DOE was employed to help design the experiments when many
factors were under consideration, and then, intellectual intuition was used to narrow
down the sulfonation factors until measurable porosity could be attained. Hence, the
authors refer to this as an altered DOE approach. It took a total of six separate designs
to ultimately reach the optimized surface, and those design parameters are shown in
Table 1. The following sulfonation factors were identified as the most critical to investigate
for this study: pre-surface condition, soak condition, acid concentration, soak time, and
soak temperature. Pre-surface condition refers to the roughness of the sulfonated surface
obtained by using different grit sized silicon carbide grinding paper. There are four soak
conditions mentioned in Table 1, which are stirring (S), no stirring (NS), sonication only
(SO), and sonication plus stirring (SS). Acid concentration alludes to the concentration of
the sulfuric acid used for the sulfonation.

After Design #1 experimentation, many of the specimens did not have measurable
porosity; therefore, it was not useful to put the responses in the DOE and narrow down
the significant factors in that manner. Therefore, the authors examined each specimen
qualitatively and made decisions on what factors to adjust or eliminate moving forward.
The results from Design #1 indicated that a rougher surface was more conducive to initiating
sulfonation on the PEEK surface; therefore, the high factor of 1200-grit grinding paper was
eliminated, and stirring was also eliminated as a factor due to the creation of streaks on
the sulfonated surface and addition of additional variables to control for in the process.
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Other factors, such as time and temperature, were also adjusted following Design #1. The
soak time high of 10 min resulted in zero pores on the surface and made the surface appear
melted; therefore, the authors chose to reduce the total soak time parameters significantly
moving forward. Additionally, acid concentrations lower than fully concentrated sulfuric
acid did not react with the PEEK surfaces to create porosity.

Table 1. Factors and related levels for each design space for optimization of surface porosity.

Design Space

Pre-Surface
Condition (Grit) Soak Condition Acid Conc. Soak Time (min) Soak Temp. (◦C)

Low High S/NS/SO/SS % Low Center High Low Center High

Design #1 220 1200 S/NS 80–100 1 - 10 22 - 60
Design #2 220 - NS 100 1 2.5 4 50 65 80
Design #3 220 - NS 100 2.5 3.75 5 55 65 80
Design #4 320 - SO 100 1 2.5 5 55 60 65
Design #5 320 - SO/SS 100 1 1.45 2.5 55 60 65
Design #6 320 - SO/SS 100 1 - - 65 - -

Design #2 and Design #3 were used to further refine the soak time and soak tempera-
ture. In between Design #3 and Design #4, the authors discovered that it would be fitting
to look at a pre-surface condition, which more closely matched that of the specimen types,
which would be generated by a manufacturer. A brief surface roughness side study was
conducted to try and match the PEEK pre-surface condition to that of as-manufactured
solid PEEK, and the authors discovered that a 320-grit grinding paper was optimal for that
purpose and was therefore used going forward for Design #4–Design #6. Additionally,
Minitab® was no longer used for generating designs after Design #3 was finished, and
instead, designs were created based on intellectual intuition. During the design process, a
beneficial method for removing the sulfuric acid and cleaning the specimen after soaking
was discovered. This method involved the use of compressed air to lightly blast the acid off
the surface, which enabled retention of the pores that formed during the sulfonation pro-
cess. It was discovered through experimentation that the pores formed during sulfonation
could be disrupted when the specimen was cleaned after soaking due to the exothermic
reaction, which occurs when sulfuric acid is mixed with water.

Designs #4–#6 provided features, which were quantifiable, and thus, ImageJ software
Version 1.53e (National Institutes of Health, Bethesda, MD, USA) was used to extract the
pore size data for comparison between the specimens and factors.

2.4. Optimizing the Hydrothermal Treatment

Hydrothermal treatment experimentation began after optimized sulfonation factors
were chosen, which provided a surface with a desirable porosity. The purpose of the
hydrothermal treatment experiments was to provide an optimal range in which most of
the residual sulfocompound (sulfur) groups were no longer present on the optimized
sulfonated PEEK surface. The experiment was designed around a soak time low of 60 min
and high of 90 min, and a soak temperature low of 45 ◦C and high of 80 ◦C, as listed
in Table 2. A total of two designs were conducted for the hydrothermal treatment. The
hydrothermally treated specimens were sulfonated according to the optimized parameters
identified in Design #6 above and further detailed in the Results and Discussion sections.
Water was continuously stirred during the hydrothermal treatment. Low and high values
for the factors were initially chosen based on values originally cited in the literature [43,44].
The second design was chosen based on results from the first design. Fourier transform
infrared spectroscopy (FTIR, Perkin-Elmer, Waltham, MA, USA) with a diamond/ZnSe
crystal at a resolution of 4 cm−1 and scanned from 650 to 4000 cm−1 was utilized on smooth
PEEK, sulfonated-only PEEK (sfPEEK), and sulfonated and heat-treated PEEK (sfPEEK-HT)
to identify the functional groups of interest related to the successful removal of the residual
sulfocompound groups from the optimized sulfonated PEEK surface.
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Table 2. Designs and related levels for the hydrothermal treatment experiments on the optimized
sulfonated PEEK surfaces.

Specimen ID Soak Time (min) Soak Temp. (◦C)

Design #1

H1 90 45
H2 60 80

H3 a 0 0
H4 75 63
H5 90 80

H6 b 60 45

Design #2

sfPEEK—2 h HT 120 (2 h)

45
sfPEEK—3 h HT 180 (3 h)
sfPEEK—4 h HT 240 (4 h)
sfPEEK—5 h HT 300 (5 h)

a H3 is used as the control specimen, i.e., sulfonated PEEK without HT treatment. H3 and sfPEEK refer to the
same condition when used in this paper. b The conditions used for H6 are the same as those used for sfPEEK—1 h
HT in future sections.

2.5. Surface and Physical Characterization
2.5.1. Digital Imaging and Pore Size Measurements

All sulfonated surfaces were imaged and documented using a VHX digital microscope
and its corresponding software (Keyence Corp., Osaka, Japan). Images were optimized
using the contrasting and brightening features in Keyence before being processed using
ImageJ software. ImageJ was used to measure the pore size and distribution data from the
surfaces when applicable.

2.5.2. Atomic Force Microscopy

Atomic force microscopy (AFM, Bioscope Catalyst, Bruker, Santa Barbara, CA, USA)
was performed on the optimized sulfonated and heat-treated specimens to determine the
resulting surface roughness (Ra) values. The specimens were created in three batches
(S1, S2, and S3) with n = 2 (A and B) for each batch. Scans with 50 µm × 50 µm area
were acquired in ScanAssyst mode (0.100–0.25 Hz, and 512–256 samples/line) and further
analyzed using Gwyddion software (version 2.41).

2.5.3. Contact Angle

Contact angle analysis was performed on the fully optimized surfaces from the AFM
testing using 3 µL droplets of distilled water at ambient room temperature. Droplet images
were captured using VHX digital microscopy (Keyence Corp., Osaka, Japan) and analyzed
using Keyence software Version 1.2.0.2.

2.6. In Vitro Characterization
2.6.1. Cell Culture

MC3T3-E1 mouse pre-osteoblastic cells (American Type Culture Collection, Manassas,
VA, USA) were maintained and expanded at 37 ◦C and 5% CO2 in alpha-modified Eagle’s
minimum essential medium supplemented with L-glutamine, sodium pyruvate, 10% fetal
bovine serum, and 1% penicillin-streptomycin, with the final pH adjusted to approximately
7.4. For experimentation, an osteogenic differentiation medium was formulated using
alpha-modified Eagle’s minimum essential medium supplemented with L-glutamine and
sodium pyruvate, 10% fetal bovine serum, 1% penicillin-streptomycin, 0.284 mM L-ascorbic
acid, and 10 mM β-glycerophosphate. Approximately 50,000 cells/specimen were seeded
and acclimatized for a day; thereafter, the specimens were supplemented with 1 mL of
differentiation media every 48 h for a total of 21 days. The specimen types used for all
in vitro experimentations were smooth PEEK, sfPEEK, sfPEEK-HT, with n = 3 for each
testing method. The sfPEEK-HT specimen was sulfonated according to the parameters
identified during the optimization experimentation detailed earlier. The smooth PEEK

132



Coatings 2024, 14, 518

specimens were used as negative control in this study because it was anticipated that cells
will not proliferate or readily mineralize on the smooth surface compared to the treated
surface specimens.

2.6.2. Cell Viability

To assess cell viability at Day 7 and Day 21, a CyQuant™ MTT cell proliferation assay
kit (ThermoFisher, Waltham, MA, USA) was used according to the manufacturer’s protocol.
Each specimen was incubated with 12 mM MTT stock solution and media for 4 h, followed
by solution removal and addition of DMSO. Absorbance was read at 540 nm with an
ELX-800 plate reader (Winooski, VT, USA).

2.6.3. Biochemical Analysis

Cells were trypsinized and collected off each specimen at the designated time points
of Days 1, 7, 14, and 21 and stored at −80 ◦C until use. Cells were lysed via sonication for
1 min at 10% amplitude. DNA and alkaline phosphatase (ALP) assays were performed
in triplicate.

2.6.4. Cell Proliferation

A CyQuant™ DNA cell proliferation assay (ThermoFisher, Waltham, MA, USA) was
used according to the manufacturer’s protocol on the lysed cells. Standard cell wells were
conducted in duplicate. Fluorescence was measured at an excitation wavelength of 460 nm
and emission wavelength of 520 nm on a Biotek FLx800 plate reader (Winooski, VT, USA).

2.6.5. Cell Differentiation

An alkaline phosphatase (ALP) assay was performed on the lysed cells to measure
cellular differentiation. A QuantiChrom ALP assay kit (BioAssay Systems, Hayward, CA,
USA) was used according to the manufacturer’s protocol at an absorbance of 405 nm on an
ELX-800 plate reader.

2.6.6. Cell Mineralization

To verify mineralization of the pre-osteoblasts on each specimen, calcium deposition
was visualized using Alizarin red staining via osteogenesis quantitation kit (EMD Milli-
pore, Billerica, MA, USA) according to the manufacturer’s protocol. A control specimen
containing no cells for each specimen type was analyzed as well. A VHX digital microscope
was used to image the mineralized staining.

2.7. Statistical Analysis

Welch ANOVA (α = 0.05) was used to determine any differences among the specimen
groups in terms of pore size measurement, AFM, contact angle, mechanical testing, and
in vitro experiments. For statistical comparison among the specimen groups, a Dunnett
post hoc test was performed. Normality was checked using a Shapiro–Wilk test before
calculating the ANOVA. For the specimen groups with extremely large counts for pore
size measurements, any slight variations in normality were ignored due to ANOVA being
robust against deviations in normality, resulting in a small effect on Type I error rate. All
statistical analyses were performed using GraphPad Prism Software (version 8.3.0).

3. Results
3.1. Optimized Sulfonated Surface

Measurable surface porosity was not achieved in the first few designs, leading to each
experiment being scored qualitatively by visually examining the surface and determining
which surface experienced changes, such as the porosity present, similar porosity distri-
bution across the surface, and an even sulfonated surface texture. The parameters from
the most visually desirable surfaces on the specimen(s) from each design were chosen, and
subsequent designs were built around those factors until a fully optimized surface was
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attained. Contact angle analysis and surface roughness were only measured on the fully
optimized surfaces, since those properties were secondary to attaining ideal porosity for
this study. Each design had specimens sulfonated in random order to avoid any nuisance
factors. Original non-treated PEEK has a yellowish-brown appearance in color, and once
sulfonated, the surface appears white, but due to differences in lighting with the digital
microscope and different surface features present on the specimens, all images were col-
lected in the black and white color mode for pore measurements. An optimal soak time of
1 min and a soak temperature of 65 ◦C were determined from Design #5, but the optimal
soak condition was still under investigation. Additionally, it was discovered that blasting
the sulfonated surface with compressed air allowed the removal of sulfuric acid while
preserving the porosity, which formed during sulfonation.

Design #6 was performed with the ideal time and temperature identified from Design
#5 but with the soak condition of sonication only and sonication plus stirring under
investigation. The results from this design showed similar pore surface coverage, pore
count, and pore diameter, as shown in Table 3. Since similar results were obtained across
the specimen types, the authors chose to move forward with in vitro studies using the
sonication-only method, since this was more controllable, and using stirring would have
required further refinement in terms of stirring speed and specimen location within the
stirring vortex. Figure 3 below shows the specimens from Design #6 sulfonated with
sonication only, and the images shown were enhanced in black and white for easier
identification of the pores using ImageJ software. Ultimately, the optimized sulfonation
parameters were a pre-surface condition using a 320-grit grinding paper, sonication-only
soak method, soak time of 1 min, and soak temperature of 65 ◦C.
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Table 3. Porosity data from specimens in Design #6. The diameter reported is the Feret diameter.

Specimen ID Pore Coverage (% Area) Pore Count Pore Diameter (Avg: µm)

D6-1-SS 13 2124 103 ± 128
D6-2-SS 17 4179 88 ± 97
D6-3-SS 11 2531 94 ± 92

D6-1-SO 11 1574 120 ± 109
D6-2-SO 18 2558 115 ± 151
D6-3-SO 21 2671 118 ± 160

3.2. Hydrothermal Treatment

Specimens were prepared according to the Design #6 sample type configurations
for the first hydrothermal treatment (HT) experiment (Design #1). The experiment was
designed around a soak time low of 60 min and high of 90 min, and a soak temperature
low of 45 ◦C and high of 80 ◦C, as listed in Table 2. Digital imaging of the specimens before
and after HT showed no evidence of changing surface features, indicating that the HT
only removes residual sulfocompound groups and does not change surface morphology.
Fourier transform infrared spectroscopy (FTIR) was performed on each sample to identify
the functional groups of interest. The spectra for samples from the hydrothermal treatment
Design #1 are shown in Figure 4a. In Figure 4 graphs, sfPEEK refers to the positive control
specimen, which is sulfonated PEEK without hydrothermal treatment, and H6 and sfPEEK—
1 h HT both have the hydrothermal treatment parameters. The specimen labeled PEEK
is the negative control, comprising untreated PEEK. In Figure 4a, there is a large, broad
peak around 3400 cm−1 on the sfPEEK specimen, indicating the presence of the residual
-SO3H group, and another peak at approximately 1070–1100 cm−1, which represents S=O
stretching. The other specimen types in Figure 4a exhibit decreasing intensities of the
peaks at 3400 and 1070 cm−1. These data suggest that the removal of residual sulfur
groups is more dependent upon time rather than temperature. Therefore, it was decided
by the authors to move forward in Design #2 with 45 ◦C and simply adjust the time and
investigate the time points of 2, 3, 4, and 5 h, as shown in Table 2. The FTIR data from the
hydrothermal treatment Design #2 are shown in Figure 4b–d. The 2 h and 4 h time points
were removed to better visualize the results and not overcrowd the graphs. Figure 4c shows
all the results from Figure 4b on the same baseline, and Figure 4d is an enlarged portion of
Figure 4b. Figure 4b–d reveal no peak in the 3400 cm−1 range and no peak in the 1070 cm−1

range on the untreated PEEK specimen, which is what is expected, given the peaks shown
on the sfPEEK specimen. The data in Figure 4a–c show lower intensities of the peaks of
interest, but similar values are noted for the specimen at 1, 3, and 5 h, suggesting that a
hydrothermal treatment performed at 45 ◦C in the range of 1–5 h would be sufficient for
reducing residual sulfur compound groups.

3.3. Atomic Force Microscopy

The surface roughness of the sulfonated PEEK specimens is very tortuous, with vary-
ing degrees of topography, as can be seen in the wide range of roughness values shown
in Figure 5a. However, across each specimen, there was no significant difference in the mean
roughness values, which were 0.298 ± 0.108 µm, 0.308 ± 0.042 µm, 0.592 ± 0.231 µm,
0.671 ± 0.089 µm, 0.538 ± 0.337 µm, and 0.440 ± 0.143 µm for specimens S1-A–S3-B. There
were 15 different statistical comparisons for these specimens, and each had a p > 0.05,
indicating no significant difference.
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Figure 5. (a) Average roughness (Ra) values obtained using the atomic force microscope. (b) Average
wetting angle obtained for each independent replicate. There were no significant differences found
between any of the groups. The specimens were created in three batches (S1, S2, and S3), with n = 2
(A and B) for each batch, as further described in Section 2 earlier.
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3.4. Contact Angle Analysis

Figure 5b shows that all specimens recorded hydrophilic contact angles below 90◦,
and there was no significant difference among the specimens. All 15 specimen comparisons
had a p > 0.05, indicating no significance. The lowest recorded mean was 59.62◦, and the
highest was 71.47◦.

3.5. In Vitro Evaluation
3.5.1. Cell Viability

To assess cell viability, an MTT assay was performed on the cultured specimens after
7 and 21 days. Figure 6 shows significantly higher cell viability for PEEK specimens
over sfPEEK (p-value ≤ 0.0001) and sfPEEK-HT (p-value ≤ 0.0001) after Day 7, and for
PEEK specimens over sfPEEK (p-value ≤ 0.0001) and sfPEEK-HT (p-value = 0.0024) on
Day 21. The sfPEEK-HT specimen had higher viability compared to sfPEEK on Day 7
(p-value = 0.0017) and on Day 21 (p-value = 0.0001).
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3.5.2. Cell Proliferation and Differentiation

Cell proliferation and differentiation on Days 1, 7, 14, and 21 were measured using a DNA
and ALP assay kit, respectively. Figure 7a shows increasing cell proliferation for all specimens
across each time point. Significantly more DNA content was measured for sfPEEK-HT
on Day 7 (p-value ≤ 0.0001), Day 14 (p-value = 0.0029), and Day 21 (p-value = 0.0301)
compared to PEEK, and significantly more DNA was measured for sfPEEK-HT on Day 7
(p-value ≤ 0.0001), Day 14 (p-value ≤ 0.0001), and Day 21 (p-value = 0.0136) compared to
sfPEEK. Both sfPEEK and sfPEEK-HT had significantly higher cell proliferation than PEEK
on Day 1 (p-value ≤ 0.0001). However, PEEK had significantly higher values on Day 14
compared to sfPEEK (p-value = 0.0011). Figure 7b shows low ALP activity on Day 1 for
all specimens, but then, a large increase in ALP activity for all specimens occurs by Day
7. PEEK (p-value = 0.0072) and sfPEEK (p-value ≤ 0.0001) have significantly higher ALP
activity than sfPEEK-HT on Day 7. Additionally, PEEK (p-value = 0.0063) and sfPEEK
(p-value ≤ 0.0001) have significantly higher ALP activity on Day 14 compared to sfPEEK-
HT. ALP activity by Day 21 is still significantly higher for sfPEEK compared to the other
two specimen types: PEEK (p-value = 0.0337) and sPEEK-HT (p-value = 0.0005).
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3.5.3. Cell Mineralization

The Alizarin red staining technique and subsequent digital imaging were performed to
determine whether the osteoblast cells matured and mineralized on the different specimen
surfaces. Controls were used to verify that the surfaces did not uptake any of the red
stain and interfere with cell identification. Alizarin red stains calcium deposits from
mature osteoblasts in red. Figure 8 shows some red stained cells present on the PEEK
specimens and copious amounts of red for the sfPEEK and sfPEEK-HT specimen types.
This indicates more overall cell differentiation and mineralization for the sfPEEK and
sfPEEK-HT specimen types compared to PEEK.
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4. Discussion

The data from this study conclude that pore size and distribution may be optimized
by varying the sulfonation processing factors. The most critical factors for sulfonation of
PEEK are soak time, soak temperature, soak condition, and post-soak cleaning. The optimal
sulfonated surface was achieved using a soak time of 1 min and a soak temperature of
65 ◦C. It was also determined that the best soak condition is either sonication or sonication
with stirring. However, since the data of specimens with sonication only versus sonication
with stirring were similar, a more efficient and controllable sulfonation process would be
to use sonication only as the soak condition. Using air to blast away sulfuric acid before
rinsing is the best method to clean the specimens after sulfuric acid soak.

These factors resulted in pores on the sfPEEK surface ranging from 85 to 108 µm in
average size, which is in the 100–400 µm pore size range, which is conducive to osteoblast
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attachment and growth, which will lead to ultimately successful osseointegration [7,30].
Wan et al. studied the biomineralization ability of sulfonated PEEK with pore sizes ranging
from 4.5 to 18.5 µm [46]. The research group concluded that a sulfonated PEEK with a
low sulfur concentration and an average pore size of 6–14 µm had significantly higher
amounts of cell adhesion and proliferation compared to untreated PEEK [46]. Another
study performed by Wang et al. compared sulfonated PEEK specimen to sulfonated PEEK
specimen coated with strontium and adiponectin [21]. The authors of this study showed
no significant difference in cell viability for the specimen types after 5 days, no significant
difference in ALP activity after 7 days, and no significant difference in the osteogenic
related gene expression of Type I collagen, Runx2, or OPN [21]. However, Wang et al. did
observe that the strontium and adiponectin specimen did have higher ALP activity and
mineralization after Day 14, but this does not discredit the sulfonated-only PEEK, as it
performed relatively well with no additional bioactive factors added [21].

The porosity distribution across the surfaces of sulfonated PEEK was visually well
dispersed, as shown in Figure 3. Specimen types varied statistically when observing the
pore sizes as a whole and in the 0–150 µm range. However, when the pore size range
was narrowed to a range between 151 and 400 µm, there were no significant differences
among the sulfonated PEEK specimens. Deviations in the total pore size averages most
likely resulted from large pore size outliers or outliers caused by shadowing issues in
ImageJ. Similar sizes between 151 and 400 µm are important because a pore size of at
least 100 µm is considered a major influencing factor in enhancing osteogenesis [8,24].
Furthermore, the natural structure of cortical bone ranges in pore size from 10 to 500 µm,
and the size of cancellous bone pores ranges from 0.2 to 1 mm [27,38]. Civantos et al.
studied the osteointegration behavior of specimens with varying pore sizes of 100–200 µm,
250–355 µm, and 355–500 µm on titanium surfaces [7]. The researchers showed that there
was no significant difference across the different sized porous specimens; however, all
porous specimens had higher levels of ALP expression and calcium deposits compared to
non-porous specimens [7]. Murphy et al. used MC3T3-E1 cells to experiment on scaffolds
with mean pore sizes ranging from 85 µm to 325 µm to determine which pore size resulted
in improved cell adhesion [30]. The authors showed that the initial cell attachment was
approximately 62% for 325 µm pore sizes after 24 h and 48 h time points, and cell attachment
for 120 µm sized pores was 45% after 24 h and 48 h [30]. No significant difference was
found in cell attachment for the 85 µm, 164 µm, and 190 µm pore sized scaffolds, and the
authors concluded that larger pore sizes lead to more overall cell infiltration, while smaller
pore sizes have initially higher cell attachment [30].

The hydrothermal treatment experiments suggested that soaking sfPEEK in distilled
water at 45 ◦C creates surfaces conducive to cellular growth. A study conducted by
Ouyang et al. hydrothermally treated sulfonated PEEK specimens at 25 ◦C and 120 ◦C
for 4 h, respectively. The EDS results showed a lower detection of sulfur content for
the 120 ◦C treated group, and the same group displayed significantly higher amounts of
cell proliferation and ALP activity compared to the 25 ◦C group and no hydrothermal
treatment group [47]. The 25 ◦C hydrothermal treatment conducted by the researchers
showed higher cell proliferation than the no hydrothermal treatment group; however, the
sulfur content remaining was still too high to significantly outperform the 120 ◦C group [47].
The hydrothermal treatment experiments conducted for this study ranged in temperature
from 45 ◦C to 80 ◦C, showing no difference in sulfur concentration based on temperature,
but instead, the most notable difference in residual sulfur content was based on soak time.
This would indicate that the temperature of 45 ◦C chosen is adequate for removing sulfur
content from the sulfonated PEEK, which will allow proper cell viability.

FTIR was performed to observe the chemical changes, which occurred on the sul-
fonated PEEK after hydrothermal treatment. Figures 1 and 2 are displayed in the preceding
section to show the general mechanism of the sulfonation and desulfonation of PEEK.
A residual -SO3H group is left on the sulfonated PEEK surface, and after hydrothermal
treatment, this -SO3H group is removed. On the FTIR spectrum, a broad peak represent-
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ing an OH- functional group can be seen around 3400 cm−1, and a small peak around
1050 cm−1 represents S=O vibrations [42,44,48]. Figure 4 shows higher intensities of the
aforementioned peaks for specimens, which were not hydrothermally treated, compared to
those, which were hydrothermally treated, which indicates the success of the treatment in
removing residual sulfur groups. This is further supported by the contact angle analysis
in Figure 5b displaying a significantly higher contact angle for sfPEEK-HT, which would
be more hydrophobic due to no OH- group from the -SO3H being present, compared to
sfPEEK [45].

The AFM data (Figure 5a) confirm no significant differences among the replicates, with
average Ra values ranging from 0.298 to 0.671 µm. This changing topography indicates
the presence of micro- and submicro-structures, which are texturing the surface. Loose
definitions of macro-, micro-, submicro-, and nano-scale topography are present in the
literature, but typically, the scale is less than 1 mm, 100 µm, 1 µm, and 100 nm, respec-
tively [25,28,29]. This roughening of the PEEK surface following sulfonation is conducive
to osteoblast adhesion, proliferation, and mechanical interlocking. Three specimen types
with average surface roughness (Ra) values of 0.6 µm, 1.5 µm, and 0.5 µm for machined
(MA), micro- (MACRO), and nano- (NANO) surfaces, respectively, were studied by Salou
et al. to determine osseointegration capabilities using in vivo animal experimentation [37].
The researchers noted that after 4 weeks of implantation, the NANO surfaces showed
higher performance values for pull-out force testing and bone growth compared to the
MACRO and MA surfaces [37]. The contact angle analysis for this current study shown in
Figure 5b shows no significant differences among the replicates. These data observed for
the independent replicates give the authors confidence that the sulfonation process used
for this study is repeatable.

The MTT testing in Figure 6 revealed PEEK specimens to have overall more viability
compared to the other two specimen types for Day 7 and Day 21. Additionally, the sfPEEK-
HT specimen had significantly higher viability than sfPEEK over the 21 days. However,
PEEK and sfPEEK-HT generally show high levels of viability, and the viability of sfPEEK
increases from Day 7 to Day 21, which could indicate the possible removal of residual
sulfur groups over the testing period, resulting in a more favorable cell environment. The
increase in viability coincides with the increase in DNA content on all specimen surfaces
seen across Days 1, 7, 14, and 21 (Figure 7a). The DNA assay is performed to represent cell
proliferation, while the ALP assay is performed to observe early osteoblast differentiation.
Overall, sfPEEK-HT has the most significant and highest increase in DNA content over
the course of the 21 days, indicating the highest cell proliferation and presence for that
surface. The lower values of DNA content seen for the sfPEEK specimens could indicate
that the cells on that surface have switched from proliferation to differentiation because the
ALP activity for sfPEEK on Day 7 is significantly higher than sfPEEK-HT and significantly
higher than PEEK and sfPEEK-HT on Days 14 and 21.

The mineralization seen in the Alizarin red staining in Figure 8 further confirms the
switch from proliferation to differentiation, which occurred on the specimen surfaces, as
indicated by the ALP activity in Figure 7b. Even though the PEEK specimens have a
large increase in ALP activity on Day 7, which would indicate differentiation, the DNA
content is low in Figure 7a compared to the other specimen types, meaning that the overall
cell count on the surface could be lower, resulting in the lower overall mature osteoblast
formation seen. In contrast, the sfPEEK and sfPEEK-HT surfaces have an abundant amount
of red staining. Visually, it is difficult to determine whether sfPEEK or sfPEEK-HT have
more mineralization; however, the DNA and ALP data suggest that cells proliferate more
on sfPEEK-HT and eventually differentiate and mineralize, while the cells on sfPEEK
proliferate less but differentiate more readily and subsequently mineralize.

5. Conclusions

Porosity and porosity distribution across PEEK surfaces were able to be optimized
based on varying sulfonation process factors. A hydrothermal treatment was also success-
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fully employed to reduce residual sulfur content on the sulfonated PEEK surfaces. This
study concludes that the optimal sulfonation process—which will produce a PEEK surface
with the desired porosity of approximately 88 µm–120 µm, reduced sulfur content for
enhanced cell viability, and cell attachment—includes an acid soak time of 1 min and a
soak temperature of 65 ◦C. This process is followed by quick bursts of air to remove the
acid and a subsequent hydrothermal treatment at 45 ◦C for approximately 2.5 h. After
the treatments, the resulting micro-scale and nano-scale features are similar across the
surfaces, as indicated by AFM roughness measurements and contact angles. FTIR and
contact angle analyses were performed to confirm successful hydrothermal treatment of
the sulfonated and heat-treated PEEK specimens. Successful removal of the functional
groups OH- and -SO3H, which are indicative of residual sulfur groups, was shown on the
FTIR spectrum after specimens were hydrothermally treated. The contact angles went back
to being more hydrophobic after hydrothermal treatment. In vitro experimentation proved
the successful attachment and proliferation of MC3T3-E1 cells on each specimen type.
Smooth PEEK had overall higher cell viability, followed by sulfonated and heat-treated
PEEK. The sulfonated and heat-treated PEEK had significantly higher cell proliferation
compared to smooth PEEK and sulfonated-only PEEK across all time points, indicating a
favorable environment for the cells. ALP activity indicates early differentiation of the cells
on smooth PEEK and sulfonated-only PEEK taking place on Day 7, while the sulfonated
and heat-treated PEEK have a sustained period of differentiation due to the high amount of
cell proliferation occurring. Maturation and mineralization of the osteoblast cells occurred
on all specimen types, with sulfonated-only PEEK and sulfonated and heat-treated PEEK
having the highest amount. Future testing should be conducted to determine sulfonated
and heat-treated PEEK’s ability to have enhanced osseointegration in vivo, but overall, it
can be suggested that the optimized sulfonated and heat-treated PEEK would have superior
performance over smooth PEEK and sulfonated-only PEEK due to its porosity, high cell
proliferation, and mineralization performance.
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Abstract: In order to evaluate loading methods and the dose dependency of bone morphogenetic
protein 2 (BMP-2) in ectopic bone formation, an osteoinductive material consisting of commercially
available coralline hydroxyapatite (CHA) was coated with a layer of biomimetic calcium phosphate
(BioCaP) containing BMP-2 in different ways. Eight groups—each containing samples of 0.25 g
CHA—were formed and coated with, respectively, BioCaP with internally incorporated BMP-2 in
concentrations of 1, 5, 10, 20, 40 and 60 µg per sample, and the two control groups with BioCaP only
and BioCaP with 20 µg of adsorbed BMP-2 per sample. The samples were implanted subcutaneously
in 27 male Wistar rats. The histological results show that there is no bone formation in the group in
which no BMP-2 was included. All samples with BioCaP containing BMP-2 show bone formation.
The group with 20 µg of adsorbed BMP-2 per sample shows the least bone formation. Coating-
incorporated BMP-2 is more efficient in inducing bone formation than adsorbed BMP-2. The group
with 5 µg of coating-incorporated BMP-2 per sample shows the most bone formation. Increasing
the amount of coating-incorporated BMP-2 up to 60 µg does not improve ectopic bone formation.

Keywords: osteoinduction; coralline hydroxyapatite; CHA; bone morphogenetic protein-2; BMP-2;
ectopic bone formation; biomimetic calcium phosphate; BioCaP

1. Introduction

Bone defects develop due to different causes, such as congenital disorders, infections,
cysts, trauma and tumors. A bone defect that is too large to heal spontaneously is called
a critical-sized bone defect [1]. The repair of a critical-sized bone defect often results in
fibrous connective tissue instead of bone [1]. To prevent this unwanted effect, the use
of autologous graft materials are used when treating critical-sized bone defects, which
was first described in 1875 [2]. However, the use of autologous graft material implies
a donor site, which, when harvesting bone from that site, is sometimes accompanied
by both complications at the donor site itself and inconvenience for the patient [3,4].
To avoid these undesirable effects, other graft materials have been developed, such as
allograft, xenograft and synthetic graft materials [5]. Although autologous graft material
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is often described as the gold standard [6], research shows that no graft biomaterial is
predominant with regard to its healing capacity [7].

Marine coral is used as a natural bone graft material. Through a hydrothermal
process, its calcium carbonate skeleton converses from coral to hydroxyapatite [8], thus
forming coralline hydroxyapatite (CHA). CHA has been used since 1979 [9] as a bone
graft material. CHA is osteoconductive and, as such, provides a biocompatible lattice
for the passage and assembly of vascular, fibroblastic and osteoblastic tissues. It also
provides support for surrounding osseous structures [10]. The benefits of CHA as a bone
graft are predominantly its safety, biocompatibility and osteoconduction [8].

The best material for bone healing has the following properties: osteoconduction,
osteoinduction and osteogenesis [6]. For surgery, primary tension-free closure, angio-
genesis, space creation/maintenance and stability are prerequisites [11]. CHA has no
osteoinductive properties [8]. This can, however, be achieved by incorporating an os-
teoinductive agent [12]. By coating CHA with our biomimetic coating and incorporating
bone morphogenetic protein-2 (BMP-2), CHA could develop both osteoconductive and
osteoinductive properties [13].

BMP-2 is a pleiotropic morphogen that induces a sequential cascade of events in the
bone healing process, including chemotaxis, the regulation of osteoblasts, differentiation,
angiogenesis and osteoclasts apoptosis [14]. In vitro and in vivo studies have demon-
strated that BMPs are capable of enhancing the osteoinduction of mesenchymal stem
cells (MSCs), regulating their proliferation and differentiation into osteoblasts [14,15].
BMP-2 incorporated into biomimetic calcium phosphate (BioCaP) coatings are capable
of inducing ectopic bone formation in vivo [12]. BMP-2 can be bound to BioCaP by (i)
adsorption, (ii) coating incorporation or (iii) internal incorporation [15].

At (i) adsorption, the BMP-2 protein is absorbed by immersing the BioCaP in a
solution with BMP-2. The BMP-2 is mainly absorbed on the surface of the outside of the
material. Adsorbed BMP-2 is released with a diffusion-controlled burst release [15,16].
During the production of the (ii) BioCaP coating-incorporated BMP-2, BMP-2 and BioCaP
precipitate simultaneously on a calcium-based support. A BioCaP latticework with incor-
porated BMP-2 grows onto the support material: the BioCaP BMP-2 coating. The BMP-2
can only be released after BioCaP is dissolved [15]. If BMP-2 and BioCaP simultaneously
precipitate on amorphous CaP (ACaP) to form a unit consisting exclusively of BioCaP
and BMP-2, we refer to it as (iii) BioCaP with internally incorporated BMP-2 [12].

Our earlier studies [12,16] show that BMP-2 can be incorporated in BioCaP and is
an effective bone formation inducer. Previous studies also show that the coating of CHA
with BioCaP and BMP-2 induces bone formation [13]. However, we do not know which
concentrations of BMP-2 are effective in ectopic bone formation when CHA is coated
with BioCaP containing BMP-2. An animal model is often used as a method to study the
efficacy of biomaterials [17]. We made samples consisting of coated CHA with BioCaP
coating-incorporated BMP-2 in different concentrations, as well as BioCaP-adsorbed
BMP-2. The samples were placed subcutaneously in Wistar rats to study the efficacy of
the BMP-2 concentrations at ectopic bone formation.

2. Material and Methods
2.1. Material Preparation
2.1.1. Coating of CHA Granules with BioCaP

CHA granules (YHJ Bio-Osteon®, Beijing, China) with a granule size of 0.4–1.0 mm
and a total weight of 0.25 g were biomimetically coated with a layer of BioCaP according
to the established protocols [12,15,18]. The biomaterial is first immersed—whilst stirring
at 150 r.p.m—in a fivefold concentrated simulated body fluid (684 mM NaCl; 12.5 mM
CaCl2·2H2O; 21 mM NaHCO3; 5 mM Na2HPO4·2H2O) for 24 h at 37 ◦C under high-
nucleation conditions (in the presence of 7.5 mM MgCl2·2H2O) to inhibit crystal growth.
A fine, dense layer of amorphous calcium phosphate (ACaP) is formed on the surface
of the CHA [15,19]. This layer serves as a seeding substratum for the deposition of a
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more substantial crystalline layer. The crystalline layer is produced by immersing the
ACaP biomaterials in a supersaturated calcium phosphate (CaP) solution [40 mM HCl;
2 mM Na2HPO4·2H2O; 4 mM CaCl2·2H2O; 50 mM TRIS base (pH 7.4)] for 48 h at 37
◦C, 60 r.p.m. whilst shaking, buffered with tris(hydroxymethyl)aminomethane (3.76 mM;
pH 7.4). Through this procedure, CHA granules with an outer layer of octa calcium
phosphate (OCP) are prepared [13,19]. The hydrated and carbonated calcium phosphate
is now called BioCaP.

2.1.2. Preparation of BioCaP with and without Coating-Incorporated BMP-2

Adding BMP-2 (INFUSE®, Medtronic, Minneapolis, MN, USA) in the different con-
centrations of none, 1, 5, 10, 20, 40 and 60 µg/sample to this supersaturated CaP solution
will result in co-precipitation of BMP-2 into the OCP coatings of the CHA granules, thus
creating the group in which CHA was coated with BioCaP coating-incorporated BMP-2.
All of the samples were freeze-dried at a temperature of around minus 30 ◦C. The entire
procedure was performed under sterile conditions.

2.1.3. Preparation of CHA Coated with BioCaP and Adsorbed BMP-2

The samples with 0.25 g CHA coated with BioCaP and adsorbed 20 µg of BMP-2
per sample were made by merging 0.2 mL BMP-2 solution (100 µg/mL) with 0.25 g of
CHA granules, after which followed centrifuge for 2 s with a relative centrifugal force
(RCF) of 1019 and vortex. All of the samples were freeze-dried. The entire procedure was
performed under sterile conditions.

2.1.4. Control of the Amount of Adsorbed or Incorporated BMP-2

To determine the BMP-2 incorporation, the BMP-2 release is determined, as very
well described by Wu [18]. By monitoring the release kinetics of a coating-incorporated
depot of protein, BMP-2 (10 µg/mL) was introduced into the supersaturated solution of
calcium phosphate. Six samples were used to determine the total amount of incorporated
BMP-2. These samples were immersed in 1 mL of 0.5% EDTA (pH 8.0) and vortexed
twice for 5 min to ensure complete dissolution of the coatings. The supernatants were
withdrawn for analysis of total loading of BMP-2. To monitor the release kinetics, six
samples of CHA bearing a coating-incorporated depot of BMP-2 and six samples of
CHA bearing an equivalent amount of adsorbed BMP-2 (included for the purpose of
comparison) were incubated in sealed 10-mL glass tubes containing 2 mL of phosphate-
buffered 0.9% saline (pH 7.4). The tubes were incubated for up to 35 days in a shaking
water bath (60 agitations/min), which was maintained at 37 ◦C. Before each sampling, a
mild centrifuge step was performed to collect all of the solution (part of which may stick
to the cap and wall of the tubes due to evaporation in the 37 ◦C water bath). Triplicate
200-µL aliquots of the medium (containing released BMP-2) were withdrawn for analysis
after 3 h, 6 h, 9 h, 1 day, 2 days, 3 days, 5 days, 7 days, 10 days, 14 days, 18 days, 23 days,
28 days and 35 days. The fluorescence density was measured in a spectrophotometer
(Biotek Instruments Inc., Winooski, VT, USA; excitation wavelength: 485 nm; emission
wavelength: 519 nm). The fluorescence readings were converted to amounts of protein
using a standard curve, which was generated by preparing a dilution series of BMP-2 in 5
mL of phosphate-buffered 0.9% saline. The temporal release of BMP-2 was expressed as a
percentage of the total amount that had been incorporated into the crystalline layer of the
calcium phosphate coating or that had been adsorbed directly onto the CHA granules.
The absolute amount of 20 µg of BMP-2 was directly added on the surface of 0.25 g CHA
BioCaP-coated samples, which were the absorbed ones.

2.1.5. Surgical Procedure

Twenty-seven adult male Wistar rats, each weighing between 200 and 220 g and
approximately 3–4 months old, were used in this study. We used male Wistar rats to avoid
any differential effects due to animal gender. Every surgical intervention took place under
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anesthesia by administering pentobarbital sodium (50 mg/kg IP). A systematic random
sampling protocol was used for the distribution of the samples over the rats. They were
numbered from 1 to 27, after which, the samples out of one group were divided at random
over 6 rats, so each rat received 2 different samples from different groups. The animals
were fed a standard diet and had unlimited access to water. After shaving, the skin was
disinfected. An incision was made, after which, two subcutaneous pockets were created
in each rat: one on the right dorsal side and one on the left. According to the distribution
in Table 1, one sample of 0.25 g CHA granules was directly placed into the surgically
created pocket on each side in 27 rats, following a systematic random sampling protocol.
The incisions were closed by suturing and thus entrapping the samples.

Table 1. Sample distribution over the rats.

Group N CHA BMP-2 BMP-2 Loaded to CHA

1 6 0.25 g - -
2 8 0.25 g 1 µg coating-incorporated
3 8 0.25 g 5 µg coating-incorporated
4 8 0.25 g 10 µg coating-incorporated
5 6 0.25 g 20 µg coating-incorporated
6 6 0.25 g 20 µg adsorbed
7 6 0.25 g 40 µg coating-incorporated
8 6 0.25 g 60 µg coating-incorporated

Group 1; n = 6: 0.25 g CHA containing no BMP-2 per sample. Group 2: n = 8: 0.25 g CHA containing 1 µg of
coating-incorporated BMP-2 per sample. Group 3: n = 8: 0.25 g CHA containing 5 µg of coating-incorporated
BMP-2 per sample. Group 4: n = 8: 0.25 g CHA containing 10 µg of coating-incorporated BMP-2 per sample.
Group 5: n = 6: 0.25 g CHA containing 20 µg of coating-incorporated BMP-2 per sample. Group 6: n = 6:
0.25 g CHA containing 20 µg of adsorbed BMP-2 per sample. Group 7: n = 6: 0.25 g CHA containing 40 µg of
coating-incorporated BMP-2 per sample. Group 8: n = 6: 0.25 g CHA containing 60 µg of coating-incorporated
BMP-2 per sample.

2.1.6. Study Design

All of the animal experiments were carried out according to the ethics laws and reg-
ulations of People’s Republic of China. The experiment was approved by the committee
of the Board of Animal Experiments, traditional Chinese Medicine University, Hangzhou,
China (Accreditation number: ZSLL-2016-46). Fifty-four samples, each containing 0.25
g of coralline hydroxyapatite (CHA) granules, were made. BioCaP with concentrations
of 1, 5, 10, 20, 40 and 60 µg/sample of incorporated BMP-2 were made, as well as 20
µg/sample of adsorbed BMP-2. The CHA samples were coated with BioCaP, thus creating
five groups containing six samples per group and three groups containing eight samples
per group. Thus, eight groups were formed, as displayed in Table 1.

2.1.7. Histological Observation

Five weeks after implantation of the samples, the animals were sacrificed by an
overdose of gaseous carbon dioxide. The samples with their surrounding tissues were
obtained. These were dehydrated in serial steps in alcohol and xylol and embedded in
methylmethacrylate (MMA, Technovit® 7200 VLC Exact®, Heraeus Kulzer Wehrheim,
Germany) [20,21]. The samples were cut using a systematic random sampling protocol
with a diamond saw parallel to their longitudinal axis. The distance between the slices
was set at 1.0 mm. Six slices per sample were obtained, and a total of 324 slices were
evaluated. Every slice was mounted separately on a plexiglass holder and polished
to approximately a thickness of 100 µm. The slices were then stained with McNeal’s
tetrachrome, basic fuchsine and toluidine blue [20].

2.1.8. Histomorphometric Analysis

With a Nikon-Eclipse light microscope (Nikon, Tokyo, Japan), photos were taken
of all of the slices. The photos were printed in color in A4 format. The total area of
interest was bounded by the external boundary of the connective tissue surrounding
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the samples. The volumes of bone, CHA and total area were determined per slice. The
histomorphometric analysis was performed by randomly placing an appropriate grid
over the prints and manually point counting according to Cruz-Orive [22].

2.1.9. Statistical Analysis

The hits that were achieved by manual point counting of newly formed bone, re-
maining CHA and total area were determined for each slice. Out of these hits, the means
of the hits for newly formed bone, remaining CHA and total area were calculated per
sample. The percentage of newly formed bone in relation to the total area, as well as the
remaining CHA in relation to the total area, were calculated. These percentages were
used as input for the statistical analysis, using IBM SPPS statistical software version
26.0. for Windows 10 (IBM corporation, Armonk, NY, USA). The total p-value of the
one-way analysis of variance (ANOVA) was <0.01 for all three percentages, meaning
that the means are statistically significant for the different groups. An LSD test was then
used for pairwise comparisons between two groups within one percentage, setting p <
0.05 as statistically significant. All numerical data are presented as the average of one
sample—obtained out of all the slices of that sample - per group with means and outliers.

3. Results
3.1. In Vitro Results
3.1.1. Material Preparation

The scanning electron microscope (SEM) images (Figure 1) showed that the structure
of CHA is well interconnected. After coating the CHA with OCP containing BMP-2, an
interwoven network of needle-like and plate-like crystals was formed. Our previous
study [13] showed that the pore size of the obtained CHA varied from approximately
100 till 600 µm and that the OCP coating thickness was approximately 20 to 30 µm, which
is approximately 3% to 30% of the CHA pore size. The trabecular structure is not changed
by coating the CHA [13].
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Figure 1. Scanning electron microscope (SEM) images showing an overview of BioCaP-coated and BMP-2-functionalized
coralline hydroxyapatite (CHA) granules (A). High magnification of a crystalline layer of OCP coating with an incorporated
depot of BMP-2 (B).

3.1.2. Amount of Encapsulated BMP-2

Using an enzyme-linked immunosorbent assay (Elisa, PreproTech EC, London, UK), as described
in our earlier studies [12,23], showed that the amount of BMP-2 encapsulated in the samples was
approximately 0, 1, 5, 10, 20, 40 and 60 µg of BMP-2 per sample.

148



Coatings 2021, 11, 1195

3.2. Observations

After the implantation, the wounds healed well in all rats, and there were no wound infections
clinically visible. We experienced no losses of rats and/or samples during the clinical phase.

3.3. Histological Findings

All samples were completely surrounded by soft tissues, which is to be expected. In the group
of 0.25 g CHA coated with BioCaP containing no BMP-2 per sample, no bone formation was found
(Figure 2A). The CHA granules were surrounded by fibrous tissue. In all other groups, which all
contained BMP-2, newly formed bone was present in direct contact with the BioCaP coating of the CHA
particles, which is visible in Figure 2B–G. Occasionally, we saw an island of solitary newly formed
bone with no direct contact to the BioCaP coating of the CHA particles (Figure 3). It seemed that newly
formed bone was more located in the center of the samples than in their periphery.
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3.4. Histomorphometric Analysis

The bone/total area percentage was zero in the group of 0.25 g CHA coated with BioCaP and
containing no BMP-2 per sample, indicating that there was no bone formed at all. The bone/total area
percentage of the group with 0.25 g CHA coated with BioCaP containing 20 µg of adsorbed BMP-2 per
sample was significantly less than all other groups with BMP-2, with the exception of the group of 0.25
g CHA coated with BioCaP containing 20 µg of coating-incorporated BMP-2 per sample.

The CHA/total area percentage shows that the groups with 0.25 g CHA containing 1, 5 and 10 µg
of coating-incorporated BMP-2 per sample behave differently compared to groups with 0.25 g CHA
containing 0, 20, 40, 60 µg of coating-incorporated BMP-2 per sample, as well as with the group of 0.25
g CHA containing 20 µg of adsorbed BMP-2 per sample. There seems to be more remaining CHA in
groups with 0.25 g CHA containing 1, 5 and 10 µg of coating-incorporated BMP-2 per sample compared
to the other groups.

3.5. Statistical Findings CHA/Total Area Percentage

In Figures 4–6, the whisker extending down represents the minimum value, excluding any outliers.
The whisker extending up represents the maximum value, excluding any outliers. An outlier is shown
as a dot (Figure 6). The bottom of the rectangle represents quartile one, and the top of the rectangle
represents quartile three. The median is shown by the horizonal line in the rectangle. The mean is
marked with X in the box. The tests performed, with their confidence intervals, are described in Section
2.1.9.
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Figure 4. The CHA/total area percentage presented as a box plot with average, median and outliers. Vertical axis:
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by the bar and the groups represented by a number above the bar. The group of 0.25 g CHA containing 5 µg of
coating-incorporated BMP-2 per sample shows the highest CHA/total area percentage.
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Figure 4 illustrates that groups of 0.25 g CHA containing 1, 5, 10 µg/sample of coating-incorporated
BMP-2 and 20 µg/sample of adsorbed BMP-2 contain the most non-degraded CHA within all groups,
whereby the group of 5 µg/sample of coating-incorporated BMP-2 within these groups shows the least
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spread in CHA/total area percentage. Two outliers show a percentage > 100, which can be caused by
the cutting of the slices and the position of the grid at point counting.

3.6. Statistical Findings Bone/Total Area Percentage

The group containing 20 µg/sample of adsorbed BMP-2 induces less ectopic bone formation
compared to all other groups with coating-incorporated BMP-2. In addition, the box-plot in Figure
5 shows that the group with 0.25 g CHA containing 20 µg of adsorbed BMP-2 per sample is less
efficient in bone formation than the group with 0.25 g CHA containing 20 µg of coating-incorporated
BMP-2 per sample; however, there is no statistically significant difference (Figure 5). Increasing the
amount of incorporated BMP-2 from 5 up to 60 µg per sample does not result in more ectopic bone
formation. There are statistically significant differences between all groups, whereby the group of 5
µg of coating-incorporated BMP-2 per sample shows the highest bone/total area percentage within
the range of 1 to 60 µg/sample of coating-incorporated BMP-2, when the outlier of the group of 1
µg/sample of coating-incorporated BMP-2 is excluded.

3.7. Statistical Findings Bone/CHA Percentage

The group without BMP-2 has a bone/CHA percentage of 0, whereas the group of 0.25 g CHA
containing 20 µg of adsorbed BMP-2 per sample shows the lowest bone/CHA percentage (Figure 6).
The groups of 0.25 g CHA containing 40 and 60 µg of coating-incorporated BMP-2 per sample show
the highest bone/CHA percentage. There are no statistical differences (Figure 6) between the groups of
0.25 g CHA containing 1, 5, 10 and 20 µg of coating-incorporated BMP-2 per sample.

4. Discussion

To evaluate the efficacy in bone formation of different BMP-2 concentrations in coating-incorporated
CHA, in vivo research is necessary. Choosing the right animal model depends on various factors, such
as significant physiological and pathophysiological analogies when compared to humans, its manage-
ability to operate, after which it is easily possible to observe a multiplicity of study objects over time,
its post-surgical period, which is preferably relatively short, the costs for animal acquisition and care,
animal availability, tolerance to captivity, ease of housing and acceptability to society [17]. Male Wistar
rats meet the described requirements well. However, rodent models do not show Haversian-type
remodeling in the bone cortex, whereas larger animals do [17]. We opted for an ectopic ossification
model because we wanted to exclude influences of any possible spontaneous bone healing.

Studies have shown that a burst release of BMP-2 alone leads to insufficient bone formation [6,24],
whilst coating-incorporated BMP-2 is more effective compared to the same amount of adsorbed BMP-
2 [16]. This is due to the long, slow and stable release of the coating-incorporated BMP-2 compared
to the burst release of adsorbed BMP-2 [24]. However, we did not know if this is also the case with
coated CHA [16]. We also did not know which concentration of BMP-2 was the most effective using
coated CHA [13]. Our initial research was with five groups and a total of 15 animals. Due to the fact
that we did not know which coating-incorporated amount of BMP-2 would be effective in ectopic bone
formation, we started with 0 µg of BMP-2 in the control group, increasing in every next group with
20 up to 60 µg/sample per group. To minimize animal sacrifice, we made only one control group
with absorbed BMP-2. This group (6) contained 20 µg of adsorbed BMP-2 per sample. For bone/total
area percentages, no statistically significant differences were found (Figure 5) between groups 5, 7
and 8 (20, 40 and 60 µg of coating-incorporated BMP-2 per sample). However, the concentrations of
the coating-incorporated BMP-2 per sample differ from 20 to 60 µg. A concentration above 20 µg of
coating-incorporated BMP-2 per sample did not result in more ectopic bone formation. This is why we
started our second research. We created a greater sample size of three groups with a total of 12 animals
and a coating-incorporated BMP-2 of 1, 5 and 10 µg per sample.

Ideal bone graft material should provide an osteoconductive matrix, which allows for vascular
invasion and cellular infiltration, as well as osteoinductive factors, which recruit and induce mesenchy-
mal stem cells to differentiate [6]. CHA alone has osteoconductive characteristics, but no osteoinductive
characteristics [8]. BMP-2 does have osteoinductive characteristics [12,16]. In normal male Wistar rats,
no bone is present in the dorsal subcutaneous pocket we created. Therefore, this study proves, like
many others [12,16,25], that BMP-2 is capable of inducing bone formation.
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In our histological slices, bone was visible in direct contact with the graft material, as well as
solitary, and not in direct contact with the BioCaP coating of the CHA (Figure 3). This is due to two
reasons. Firstly, research shows that BMP-2 can induce bone formation at a distance of up to 340
µm from the biomimetic calcium phosphate as a carrier on a titanium disc implanted in an ectopic
model [12]. Secondly, it is due to the fabrication method of the histological sections [26]. Regarding
the slice level of the samples, it shows that the angle at which the sample is cut into slices, from three-
dimensional objects to two-dimensional slices, determines the display image of the two-dimensional
slice. For this reason, we can find bone in a slice that is not connected with the CHA surface. The
bridges of newly formed bone between the two granules of CHA are based on the same phenomenon,
displaying a three-dimensional structure in two dimensions.

When we exclude the control groups (1 and 6: only CHA without BMP-2 and 20 µg of adsorbed
BMP-2) and look at the CHA/total area percentages (Figure 4) of our first experiment, with the groups
5, 7 and 8 (20, 40 and 60 µg of coating-incorporated BMP-2 per sample), it is striking that there are
no statistically significant differences between these groups. There are also no statistically significant
differences for CHA/total area percentages between the groups of our second experiment (groups 2,
3 and 4: containing 1, 5 and 10 µg of coating-incorporated BMP-2 per sample). There are, however,
statistically significant differences between the groups for the CHA/total area percentage of our
first and second experiment. There may have been minor differences in the material composition
between the groups from our first and second experiments, although the same protocols were followed.
Less CHA means a faster degradation of CHA. The amount of BMP-2 above 5 µg/sample could be
considered as an ineffective burst release, causing no bone formation. However, it does cause extra
blood supply [6], which can be responsible for the CHA resorption. Our previous study [27] has proven
that BMP-2 can stimulate the degradation as well as the formation of bone. A higher concentration
of BMP-2 does not always lead to more bone formation; it can cause a reduced bone volume, due to
the fact that BMP-2 stimulates osteoblasts as well as osteoclasts. Mesenchymal stem cells (MSCs) are
a prerequisite for heterotopic bone formation because they can differentiate into osteoblasts [28]. A
certain concentration of BMP-2 could be enough for the differentiation of all the MSCs present, thus
explaining why increasing the concentration of coating-incorporated BMP-2 above a critical value does
not generate additional bone.

There are no statistically significant differences between groups 2 and 3 (containing 1 and 5 µg
of coating-incorporated BMP-2 per sample) for the bone/total area percentage (Figure 5). There are
statistically significant differences between groups 3 (containing 5 µg of coating-incorporated BMP-2
per sample) and all other groups, containing a higher dose of BMP-2 per sample for the bone/total area
percentage (Figure 5). Group 3 (containing 5 µg of coating-incorporated BMP-2 per sample) induces
more bone formation than the other groups (Figure 5). This finding would indicate that there is a
maximum concentration, above which, an increase in concentration is of no use, and in this study, there
is an optimal concentration of 5 µg of coating-incorporated BMP-2 per sample.

It is to be expected that there is a statistically significant difference between groups 5 and 6,
whereby the coating-incorporated BMP-2 behaves as superior in bone formation compared to the same
amount of adsorbed BMP-2. The spreads (Figures 4 and 5), of the CHA/total area and bone/total area
percentage indicate this. However, we found only a statistical difference in the bone/CHA percentage
(Figure 6). This may be caused by the relatively high doses of BMP-2, as we now know that increasing
the amount of incorporated BMP-2 from 5 up to 60 µg/sample does not result in more ectopic bone
formation.

5. Conclusions

CHA, with BioCaP alone, is not able to generate ectopic bone formation. CHA coated with
BioCaP and coating-incorporated BMP-2 is effective in ectopic bone formation and more effective
than CHA coated with BioCaP and adsorbed BMP-2. In this study CHA coated with BioCaP and
coating-incorporated BMP-2 in different concentrations above 5 µg per sample does not result in more
ectopic bone formation.
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Abstract: Calcium phosphate/Bioglass composite coatings on AISI 316L were investigated with
regard to their potential role as a beneficial coating for orthopedic implants. These coatings were
realized by the galvanic co-deposition of calcium phosphate compounds and Bioglass particles. A
different amount of Bioglass 45S5 was used to study its effect on the performance of the composite
coatings. The morphology and chemical composition of the coatings were investigated before and
after their aging in simulated body fluid. The coatings uniformly covered the AISI 316L substrate and
consisted of a brushite and hydroxyapatite mixture. Both phases were detected using X-ray diffraction
and Raman spectroscopy. Additionally, both analyses revealed that brushite is the primary phase.
The presence of Bioglass was verified through energy-dispersive X-ray spectroscopy, which showed
the presence of a silicon peak. During aging in simulated body fluid, the coating was subject to a
dynamic equilibrium of dissolution/reprecipitation with total conversion in only the hydroxyapatite
phase. Corrosion tests performed in simulated body fluid at different aging times revealed that the
coatings made with 1 g/L of Bioglass performed best. These samples have a corrosion potential
of −0.068V vs. Ag/AgCl and a corrosion current density of 8.87 × 10−7 A/cm2. These values are
better than those measured for bare AISI 316L (−0.187 V vs. Ag/AgCl and 2.52 × 10−6 A/cm2,
respectively) and remained superior to pure steel for all 21 days of aging. This behavior indicated
the good protection of the coating against corrosion phenomena, which was further confirmed by
the very low concentration of Ni ions (0.076 ppm) released in the aging solution after 21 days of
immersion. Furthermore, the absence of cytotoxicity, verified through cell viability assays with
MC3T3-E1 osteoblastic cells, proves the biocompatibility of the coatings.

Keywords: AISI 316L; Bioglass 45S5; coating; corrosion; cytotoxicity; galvanic deposition; hydroxya-
patite; orthopedic implant

1. Introduction

Ceramic materials are inorganic compounds that have been gradually incorporated
into our everyday lives [1,2]. Thanks to their thermal and electrical insulating properties,
ceramic materials can be applied as technological solutions in the fields of telecommu-
nications, energy, and the environment [3]. Ceramic materials are popularly used in the
field of biomedical applications, and those useful in this field are usually referred to as
bioceramics [4–7].

Bioceramics play a crucial role in tissue engineering and orthopedics because of their
chemical inertia and high wettability, favoring proteins and cell adhesion [8–11]. Therefore,
different types of ceramic materials have been studied [12].

Bioceramics can be subdivided into three main groups depending on the interactions
between the used materials and the human body. Bioinert ceramics do not interact with
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the human environment and, therefore, can be incorporated into implanted living bone
without presenting any sign of toxicity [13,14]. In contrast, bioactive ceramics possess
the ability to initiate a biological response after implantation into the body, such as cell
stimulation and stem cell proliferation for the regeneration of damaged tissue or whole
organs [15–17]. Finally, when in contact with body fluids, bioresorbable ceramics can be
fully metabolized, easily dissolved, and subsequently excreted [18,19].

Among the ceramic materials used in biomedical applications, Bioglass (BG) and
calcium phosphate (CaP) compounds have found great applications in repairing and
reinforcing bone tissue in orthopedics and dentistry [20–24].

Bioglasses are silica-based bioactive ceramics developed in the 1970s by Hench through
mixing different oxides using the melt-quenching method [25]. The bioactivity of Bioglass
is linked to the chemical composition [23], which, in this case, refers to how easily surface
chemical reactions occur, as it can generate a hydroxyapatite layer and promote excellent
osseointegration [26]. Specifically, Bioglass with 45–52 wt% SiO2 ensures good adhe-
sion to bone and soft tissue, whereas a content of 52–60 wt% SiO2 only allows for bone
adhesion [27,28]. As soon as its SiO2 concentration increases above 60 wt%, Bioglass loses
its bioactivity, with a dramatic decrease in terms of osseointegration [29]. Approved by the
Food and Drug Administration in 1985, Bioglass® 45S5 (45% SiO2, 24.5% CaO, 24.5% Na2O,
and 6% P2O5) has been widely used to repair bone and dental defects [30]. Bioglasses
have remarkable osteoconductivity and osteoinductivity properties in that they induce
primitive cells to differentiate, forming new bone tissue [30,31]. Baino et al. [32] shed
light on the potential of Bioglass, which has not only been used in the field of orthopedics
(e.g., as scaffolds for bone regeneration or coatings for orthopedic implants) but also for
soft tissue regeneration, ocular implants, wound healing, and percutaneous catheters [33].
Bioglass–polymer composites have also been proposed [34–36].

Calcium phosphates are another class of ceramic materials that have been success-
fully applied in the biomedical field [37,38]. In contrast to Bioglass, calcium phosphate
compounds allow for the osteoconduction of pre-differentiated bone cells [21,39–41]. A
comprehensive overview of calcium-phosphate-based biomaterials in orthopedics was
presented by Hou et al. [42], who summarized the advantages and disadvantages of these
materials. Since the early 1970s, hydroxyapatite (Ca10(PO4)6(OH)2) has increasingly been
utilized in orthopedics since it represents the mineral part of bone tissue [43,44]. Thanks to
its great stability [45], it is suitable for the fabrication of scaffolds, bone void fillers, and
maxillofacial and dental surgery [42,46]. Despite its weak mechanical strength, hydroxya-
patite has largely been utilized as the main biomaterial for the fabrication of coatings in
orthopedics [47]. Many studies have demonstrated the improvement of cellular response
thanks to this material’s high biocompatibility and enhanced protection against corrosion
phenomena [48–50]. Moreover, it has been demonstrated that the biological and physico-
chemical properties of hydroxyapatite can be increased by doping it with various ions such
as iron [51], magnesium [52], europium [53], samarium [54], silver [55], and cerium [56].

The properties of pure calcium phosphate compounds and Bioglass are synergically
increased in their composites [57]. From a biological point of view, the synergistic action of
hydroxyapatite and Bioglass improves cell adhesion and proliferation [58] and promotes
osteogenic activity [59]. Moreover, in vitro tests conducted on hydroxyapatite/Bioglass-
coated substrates have shown that the presence of the coating remarkably increases cell
viability and proliferation compared to no coated metallic surfaces [60,61].

Regarding the deposition methods used for composite coatings, a comprehensive,
state-of-the-art technique was proposed by Maximov et al. [62]. These authors reported dif-
ferent kinds of coating deposition techniques. Most of the used methods are characterized
by high-vacuum and/or high-temperature steps, such as enameling [63], plasma spray
deposition [64], air plasma spraying [65], suspension plasma spraying [66], radio frequency
magnetron sputtering [67], laser-pulsed deposition [68], thermal spraying [69], and laser
cladding [70]. In addition, these methods are difficult to manage and require the use of
specific equipment and specialized personnel. Electrophoretic deposition [71], electrodepo-
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sition [72,73], and sol–gel deposition [74,75] represent other methods of deposition that are
more user-friendly to perform, but they require the use of specific equipment. Furthermore,
typically after electrophoresis, a high-temperature treatment step is required to improve
the adhesion strength between the Bioglass coating and the substrate [76].

In this work, galvanic deposition was used to achieve the co-deposition of a calcium
phosphate/Bioglass composite coating on 316L stainless steel, constituting the first-ever
use of this method for such an application. This substrate was selected from among those
usable for orthopedic implants [77] because of its excellent biocompatibility and good
mechanical properties [78]. The calcium phosphate/Bioglass composite coating is designed
to enhance the biocompatibility of this substrate [79].

Unlike the methods of deposition mentioned earlier, galvanic deposition is a simple
technique that does not require a power supply [80]. The galvanic coupling between two
metals (a working electrode and a sacrificial anode) plays a crucial role in the process. The
metals must be characterized by different values of standard redox potential. In addition,
another positive point to highlight is the controllability of the galvanic process since the
deposition rate depends on the ratio between anodic and cathodic areas. Using this method,
we have obtained different types of coatings on stainless steel [81–88]. The galvanic deposi-
tion of brushite on Ti alloy, which was converted into hydroxyapatite through a subsequent
hydrothermal treatment, was also reported by Chen et al. [89]. Moreover, this technique can
be useful for the fabrication of nanowire arrays via the template-assisted method [90–94].
Galvanic replacement was also used to prepare bimetallic and ternary electrocatalysts for
applications in fuel cells and the electrolysis and electrosynthesis reactions [95]. Since
it could be considered a spontaneous process, galvanic deposition does not require so-
phisticated equipment or an experienced operator. In addition, it can be considered an
eco-friendly process since a sacrificial anode (e.g. aluminum) can be procured from end-life
materials to provide added value to waste. A limitation of this method is that it can only
be used for cathodic deposits; moreover, if the deposition parameters are not suitably
optimized, the coatings obtained may present numerous defects [96].

In this work, we will attempt to demonstrate that the galvanic method is also useful
for achieving the co-deposition of calcium phosphate compounds and Bioglass and that the
coating obtained has excellent performance in terms of corrosion resistance and biocompat-
ibility and does not require further heat treatments. To achieve this aim, physical–chemical
and electrochemical characterizations were carried out to investigate the coatings’ mor-
phologies, chemical compositions, and performance. In addition, biocompatibility and the
release of metal ions from the steel substrate during aging in Simulated Body Fluid (SBF)
were evaluated. The results demonstrate that composite coatings increase the resistance
of the analyzed substrate against corrosion phenomena without inducing any cytotoxic
effects.

2. Materials and Methods

Calcium phosphate/Bioglass composite coatings were obtained through galvanic
coupling between commercial AISI 316L (working electrode) and zinc (sacrificial anode).
AISI 316L bars (1.5 cm × 7 cm × 0.2 cm, UNS S31603, 0.022% wt. C, 16.61% wt. Cr, 10.02%
wt. Ni, 1.244% wt. Mn, 0.321% wt. Si, 0.029% wt. P, 0.001% wt. S, 2.010% wt. Mo, Fe at
balance) were mechanically pretreated with abrasive paper (#150, #320, #800, and #1200,
LECO). Afterward, a degreasing step applied to the metallic surface was carried out in
an ultrasonic bath, first in acetone and then in water, for 10 min for each sample. The
zinc sheets (3 cm × 7 cm) were pretreated with the same procedure. After cleaning, the
working electrode and sacrificial anode were delimited with an insulator lacquer to expose
an electroactive area of 1.13 cm2 and 27 cm2, respectively.

Galvanic deposition was carried out in a two-compartment cell (Figure S1 in Sup-
plementary Materials). The electrolyte solution for the cathodic compartment consisted
of 0.061M Ca(NO3)2 4H2O, 0.036M NH4H2PO4, and 1 M NaNO3. Different amounts of
Bioglass 45S5 were added to the solution (0.5 gL−1, 1 gL−1) to observe the effects related
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to corrosion behavior. All reagents were purchased from Sigma Aldrich. Deposition was
conducted while stirring at 400 rpm so that the Bioglass particles remained suspended.

A 1 M sodium chloride solution was used in the anode compartment. The correspond-
ing deposition was carried out for 24 h at room temperature. After the deposition, the
samples were air-dried.

Coating morphology was scrutinized using a field emission scanning microscope
(QUANTA 200, FEI) equipped with an energy-dispersive X-ray spectroscopy (EDS, Ametek,
Berwyn, PA, USA) probe. The spatial resolution of EDS measurements is about 1 µm, and
the relative error is lower than 3%.

The crystallographic structures were studied via X-ray diffraction using a RIGAKU
instrument (D-MAX 25600 HK). The analyses were carried out in the 2-theta range from
10◦ to 60◦ using copper Kα radiation (λ = 1.54 Å) with the following setup conditions: tube
voltage of 40 kV, current of 100 mA, a scan speed of 4◦min−1, and sampling of 0.01◦. The
X-Ray diffraction patterns were studied and compared with the International Centre of
Data Diffraction database [97].

Raman spectroscopy was performed using a Renishaw (inVia Raman Microscope)
spectrometer. The resolution was 0.5 cm−1. Excitation originated from the 532 nm line of
an Nd:YAG laser calibrated by the Raman peak of polycrystalline Si (520 cm−1). For this
laser with a 100× objective, the theoretical spatial resolution is about 360 nm. The Raman
spectra were analyzed via comparison with the RHUFF database [98].

To quantify the metal ion concentrations released from the sample after 21 days of
aging in SBF at 37 ± 1 ◦C, Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES, PerkinElmer Optima 2100 DV) was also executed. A calibration line was ob-
tained for each ion (Fe, Ni, Cr, Mo, Ca, and P) using standard calibration solutions. The
evaluation of corrosion behavior was studied by aging the samples in a simulated body
fluid prepared according to the procedure reported in [86]. The samples were kept in SBF
at 37 ◦C for 21 days and were periodically extracted to perform electrochemical tests. Cor-
rosion tests consisted of the monitoring of open-circuit potential (OCP), Potentiodynamic
polarization (PP), and Electrochemical Impedance Spectroscopy (EIS). These tests were
performed in a conventional three-electrode cell with a Pt wire used as the counter electrode
and 3.0 M Ag/AgCl as the reference electrode. Corrosion potential (Ecorr) and corrosion
current density (icorr) were determined by extrapolation of Tafel’s curves. Polarization
measurements were performed with a scan rate of 0.166 mVs−1 in a potential range of
±150 mV to open-circuit potential. Electrochemical Impedance Spectroscopy was carried
out in the frequency range from 100 kHz to 0.1 Hz, with 0.010 V of AC perturbation. The
impedance data were fitted using ZSimpWin software with an equivalent circuit (EC).

Before performing biocompatibility tests, the AISI 316L and CaP—1 gL−1 BG samples
(1.5 cm × 3 cm × 0.2 cm) were sterilized by soaking them in a 70% (v/v) ethanol bath for
24 h followed by UV treatment for 2 h (1 h on each side) under a laminar fume hood.

Each sample was incubated with Dulbecco’s modified Eagle’s high-glucose medium
(D-MEM, Sigma Aldrich, Saint Louis, MO, USA) supplemented with 10% (v/v) fetal bovine
serum (Euroclone, Celbar), 100 units per ml of penicillin G, 100 µgmL−1 of streptomycin
(Euroclone, Celbar, Pero, Italy), and 2 mM L-glutamine (Euroclone, Celbar) at 37 ◦C. The
incubations were performed in a humidified atmosphere of 5% CO2 for 24 h with a surface-
to-volume area ratio of 3 cm2/mL. Subsequently, each treated medium was collected in a
50 mL Falcon tube to carry out biocompatibility tests (named AISI 316L and CaP—1 gL−1

BG D-MEM, respectively).
Mouse pre-osteoblastic MC3T3-E1 cell lines at passage 7 (ECACC, European Col-

lection of Cells Cultures) were cultured in complete D-MEM. The culture consisted of
DMEM supplemented with 10% (v/v) fetal bovine serum, 100 units per ml of penicillin G,
100 µg/mL of streptomycin, and 2 mM L-glutamine. Cell growth transpired at 37 ◦C and
in a 5% CO2 atmosphere. A total of 1 × 104 cells/well were seeded on a twenty-four-well
culture plate (with a single-well diameter of 14 mm) and incubated with complete D-MEM
at 37 ◦C and 5% CO2. After 24 h, the medium was replaced with fresh complete D-MEM
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(control), AISI 316L, or CaP—1 gL−1 BG D-MEM-treated media. At different times (2, 5,
and 7 days) following cell seeding, the viability and cell proliferation rate of each sample
were evaluated using the cell-counting Kit-8 (CCK-8) colorimetric assay (Sigma-Aldrich)
according to the manufacturer’s recommendations. Cells grown with each type of medium
(complete D-MEM, AISI 316L D-MEM, or the CaP—1 gL−1 BG D-MEM) were incubated
with CCK-8 reagent solution (10% in culture medium) for 2.5 h in a humidified incubator
(37 ◦C; 5% CO2).

Absorbance intensity (450 nm), which changes according to the degree of cell viability,
was evaluated using a microplate reader (Synergy HT, Biotek, Winooski, VT, USA). The
assay was performed ten times for each condition. The obtained data were compared using
Student’s t-test. A p value < 0.05 was considered significant.

Optical microscopy of MC3T3-E1 cells grown with complete D-MEM (control), AISI
316L D-MEM, and CaP—1 gL−1 BG D-MEM was performed at different times (2, 5, and
7 days).

A workflow of the fabrication and characterization process is reported in Scheme 1.
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3. Results and Discussion

Galvanic deposition was carried out in a two-compartment cell shown in Figure 1.
Several reactions occurred once the working electrode and sacrificial anode were short-
circuited and placed in their corresponding solutions.

Zinc dissolution occurred in the anodic compart and has been represented in Equation (1):

Zn→ Zn2+ + 2e− (E◦ = −0.76 V/NHE) (1)

Regarding the cathodic compartment, base electrogeneration reactions [99,100] oc-
curred thanks to the electrons stemming from Reaction (1). At the cathode, surface
nitrate ions, water molecules, and dissolved oxygen react in the following reactions
(Equations (2)–(4)):

NO3
−+ H2O + 2e− →NO2

− + 2OH− (Eeq = 0.0835 − 0.059 pH V/NHE) (2)

2H2O + 2e− → 2OH− + H2 (Eeq = 0.0 − 0.059 pH V/NHE) (3)

O2 + 2H2O +4e− →4OH− (Eeq = 1.23 − 0.059 pH V/NHE) (4)

Due to the electrogeneration of hydroxyl ions, the deposition of calcium phosphate
compounds is possible. The increase in the local pH at the cathode’s surface drives the
mechanism of deposition, shifting the dissociation equilibrium of H2PO4

− toward HPO4
2−,

as shown in Equation (5):

H2PO4
−+ OH− ↔ HPO4

2− + H2O (pH = 7.19) (5)
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Hydrogen phosphate ions formation induces the precipitation of brushite (CaHPO4·2H2O)
according to Equation (6):

Ca2+ + HPO4
2− + 2H2O→ CaHPO4·2H2O (6)

Since a non-uniform, non-conductive, and porous layer of brushite is formed, the
reactions of base electrogeneration are not hindered. This ensures a continuous increase
in the interface pH; therefore, the HPO4

2− ion dissociates in the PO4
3− ion according to

equilibrium Equation (7):

HPO4
2− + OH− ↔ PO4

3− + H2O (pH = 12.03) (7)

As soon as the pH reaches a value above 12, hydroxyapatite precipitation takes place,
as shown in Equation (8):

10Ca2+ + 6PO4
3− + 2OH− → Ca10(PO4)6(OH)2 ↓ (pH > 12) (8)

The composite coating is formed purely through physical incorporation during the
deposition of calcium phosphates. The Bioglass present acts as a nucleation point for the
formation of new crystals in the coating.

The mechanism of calcium phosphate formation in the presence of Bioglass has been
extensively investigated in the literature [24]. In the first stage, there is ion exchange
between H+ from the solution with the Na+ and Ca2+ from the Bioglass, which leads to
the formation of silanol groups due to the hydrolysis of the silica groups. The reaction
mechanism begins with the following reaction (Equation (9)):

Si-O-Ca2+ + H+ → Si-O-H + Ca2+ (9)

Afterward, the dissolution of silica leads to the formation of Si(OH)4 on the surface of
the Bioglass, as shown in Equation (10):

Si-O-Si + H2O→2Si-OH (10)

The dissolution of the lattice leads to the realization of an insoluble form of silica
that will serve as a nucleation center for the formation of calcium phosphates. A silica
gel layer with a thickness ranging from 1 to 2 µm is formed on the surface of the Bioglass
particles. The precipitation and migration of calcium ions on the surface occur, followed by
the incorporation of hydroxide anions and phosphates.

To obtain a composite coating, the Bioglass must be kept in suspension in the de-
position solution. Therefore, a preliminary study was carried out to evaluate the effect
of the stirring of the solution during the galvanic process. Stirring (shown in Figure S2
in the Supplementary Materials) leads to the formation of a calcium phosphate coating
with a typical needle-like shape and a smaller crystal size compared with the product
obtained under unstirred conditions. This effect was studied by Azar et al. [101], who
observed the electro-crystallization of hydroxyapatite coatings on Nitinol while changing
the fluid-dynamic conditions of the solution. The growth of hydroxyapatite crystals is
a step that is favored over nucleation in unstirred conditions. A concentration gradient
of the precursors is produced within the diffusive layer close to the electrode. Therefore,
the ions involved are incorporated within the crystal lattice, and crystal growth occurs
perpendicularly to the surface. Under stirred conditions, the diffusive layer is thinner, and
the bulk concentration is almost the same as that at the electrode/electrolyte interface. So,
in this case, crystal nucleation is favored with respect to growth. However, the precursor
concentration is high enough to allow crystal growth parallel to the surface.
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A comparison between the energy-dispersive X-ray spectra post-deposition and after
aging is shown in Figure 2. These characterizations provide semi-qualitative information
regarding the chemical composition of the coating. In particular, the atomic ratio Ca/P
accounts for the composition of the coating. On the other hand, Ca/Fe provides semi-
qualitative information about thickness.
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Figure 2. Energy-dispersive X-ray spectra of calcium phosphate/Bioglass coating: (a) post-deposition
and (b) after aging in simulated body fluid.

From the results reported in Table 1, it can be concluded that the thickness of the
coating increased with the increase in the amount of Bioglass in the deposition solution.
This is due to the Bioglass acting as a nucleation center for the formation of calcium
phosphates. The results shown in Table 1 also demonstrate that the coatings are composed
of a mixture of brushite (Ca/P = 1) and hydroxyapatite (Ca/P = 1.59~1.86). Although
brushite could be the main crystalline phase, the Ca/P ratio increases to 1.66 after 21 days
of aging in simulated body fluid.
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Table 1. Ca/P and Ca/Fe ratios, obtained using energy dispersive X-ray spectroscopy, of the coatings
(post-deposition and after aging in simulated body fluid). The mean deviation is 1.2%.

Post Deposition After Aging in SBF

Ca/P Ca/Fe Ca/P Ca/Fe

CaP—0.5 gL−1 BG 1.05 57 1.78 No Fe
CaP—1 gL−1 BG 1.03 92 1.66 No Fe

This result can be explained by referring to Reaction (11) proposed by Nur et al. [102],
which leads to the total conversion of the brushite in the hydroxyapatite during aging in
simulated body fluid:

10CaHPO4 + 2OH− ↔ Ca10(PO4)6(OH)2 + 4PO4
3− + 10H+ (pH < 12) (11)

Although Fe atoms could be detected after galvanic deposition, no Fe atoms were found
after aging in simulated body fluid for 21 days. Thus, due to dissolution/reprecipitation
phenomena, an increase in the thickness of the coating occurs with the aging time. The Si
peak observed corresponds to the Bioglass particles incorporated in the coating.

It is interesting to notice how the Si peak is not identified after aging due to the
bioactivity of Bioglass to produce hydroxyapatite. The absence of a Si peak is due to the
coating’s dissolution in SBS. As reported in [103], the dissolution processes of composite
coatings are quicker than pure calcium phosphate and Bioglass coatings. These high
dissolution rates lead to rapid supersaturation at the coating/SBF interface and thus to
the rapid precipitation of the hydroxyapatite phase [104]. Therefore, after immersion in
SBF, the hydroxyapatite phase must be the only one present in the coating. To verify this
phenomenon, the post-aged samples were characterized via XRD and Raman spectroscopy,
and the results were compared with the pre-aged samples.

Figure 3 shows X-ray diffraction patterns of the samples’ varying Bioglass concentra-
tion. In Figure 3a, the characteristic brushite peaks were identified, with values of 2-theta
equal to 11.65◦, 20.95◦, 29.3◦, and 30.54◦, as well as some hydroxyapatite peaks with lower
intensity. In addition, some peaks belonging to the substrate were present. Nevertheless,
the intensity of the peaks was shielded by the presence of the coating. No diffraction
peaks could be detected for Bioglass due to its amorphous nature (see Figure S3 in the
Supplementary Materials; the very broad band at about 32◦–33◦ is typical of an amorphous
structure).

After 21 days of aging in simulated body fluid (Figure 3b), the brushite peaks disap-
peared, and hydroxyapatite peaks are the only ones present, which is a finding that is in
line with the results of energy-dispersive X-ray spectroscopy.

Grain size was evaluated using Scherrer’s equation, considering the main peaks were
located at around 2-theta 11.65◦ and 20.95◦. The results (Figure S4 in the Supplementary
Materials) demonstrate that the galvanic deposition of calcium phosphate in an unstirred
solution leads to the formation of coatings with larger crystalline grain sizes. In a stirred
solution, since the phenomenon of crystal nucleation is the predominant process compared
to crystal growth, as reported earlier, a lower grain dimension was measured.

The addition of Bioglass in the solution causes a further decrease in the main grain
sizes. This behavior is due to the incorporation of Bioglass in the calcium phosphate
deposit, which continuously stimulates the formation of new nucleation sites and limits
crystal growth [103]. The low crystallinity of the composite coating (which corresponds to
a high level of reactivity and, therefore, a high dissolution/reprecipitation rate) is another
reason for its high bioactivity in SBF [105]. Confirmation of these hypotheses was achieved
using RAMAN spectroscopy. The spectra of the coatings following the deposition process
(Figure 4a) show that the brushite modes were identified. In particular, the modes at
985 cm−1 and 878 cm−1 are related to the stretching (ν1 P-O) of the phosphate groups.
The stretching (ν3 P-O) of the PO4 group was observed at 1081 cm−1 and 1059 cm−1. The
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bending of the HPO4 group (ν2 OPO) corresponds to the vibrational modes at 379 cm−1

and 415 cm−1. Furthermore, the stretching (ν3 P-O) of the HPO4
2− group was observed

at 1121 cm−1 and is characterized by low intensity. Finally, the stretching (ν4 O-P-O:
530 cm−1) of the HPO4

2− group and the bending (ν4 P-O: 593 cm−1) of the PO4 group
were observed. In addition, the typical hydroxyapatite stretching mode (ν1: 960 cm−1) was
detected, although it had low intensity compared to the brushite main mode.
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Figure 4. RAMAN spectra of calcium phosphate/Bioglass coatings: (a) post-deposition and
(b) post−aging in simulated body fluid.

As shown in Figure 4b, in both samples after aging, only the hydroxyapatite phase
was detected, confirming the total conversion of brushite, which is in line with the results
observed via energy-dispersive X-ray spectroscopy and X-ray diffraction.

Corrosion tests were carried out in simulated body fluid for 21 days to evaluate the
performance of the coatings in terms of their resistance to corrosion phenomena. Figure S5
(in the Supplementary Materials) shows the open-circuit potential (for 30 min) in simulated
body fluid. The potential remained almost constant, and no unexpected changes were
found, which could, in this case, occur due to the solubilization/precipitation of calcium
phosphate. In addition, the value of the open-circuit potential shifts to more noble values
than that of bare steel due to increased corrosion resistance. The sample CaP/BG 0.5 gL−1

(Figure S5a) was characterized by a constant potential. In contrast, the largest changes were
observed during the first few days of immersion. A decrease in open-circuit potential value
is observed from day 14. This phenomenon is attributable to the phase change induced by
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the brushite/hydroxyapatite equilibrium. Despite this phenomenon, nobler open-circuit
potential values were recorded compared to bare steel.

The sample CaP-BG 1 gL−1 (Figure S5b) shows a similar trend. There was a significant
increase in open-circuit potential value after the first day of immersion; then, a lower
variation was noted under the dynamic equilibrium of calcium phosphate. A maximum
open-circuit potential value of 0.081 V was recorded on day 14. Compared with the
previous sample, higher values were recorded. This behavior is due to the greater presence
of Bioglass, leading to the formation of a thicker coating.

Tafel curves have been provided in Figure 5. The values of corrosion potential (Ecorr)
and corrosion current density (icorr) were evaluated through the extrapolation of the Tafel
curves and have been reported in Table 2. The samples were characterized by a higher
value of Ecorr than bare steel. In agreement with the results regarding open-circuit potential
monitoring, the potential changes after day 14 were due to the equilibrium established
between calcium phosphate compounds. Regarding icorr, the values were lower than the
uncoated substrate.
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Figure 5. Tafel plots of (a) CaP—0.5 gL−1 BG coating and (b) CaP—1 gL−1 BG coating during 21 days
of aging in the simulated body fluid solution.

The crystallinity of the coating can be related to its corrosion resistance. The CaP-BG
1gL−1 sample (with the smallest grain size and thus the lowest crystallinity) has the best
Ecorr and icorr values due to the high coating dissolution/reprecipitation rate in simulated
body fluid. The increased coating thickness and high reprecipitation rate due to the
increased presence of Bioglass lead to the formation of a thicker deposit during aging,
which results in better protective action against corrosive phenomena.

Electrochemical impedance spectroscopy measurements are reported in Figure 6. The
best fitting was obtained using the equivalent circuit (Rs(CPE1(R1(CPE2(R2W))))) schema-
tized in Figure S6 (presented in the Supplementary Materials). This equivalent circuit was
proposed by Kathavate et al. [106] and simulated the behavior of inhomogeneous coatings
modeled by Jüttner [107] to describe coatings with defects. In particular, the proposed
model considers the presence of a porous coating in which diffusive processes occur. Rs
represents the resistance of the simulated body fluid. CPE1 and R1 describe the behavior of
the outer layer of the coating; alternatively, R2 corresponds to the pore resistance. CPE2
and R3 refer to the double-layer capacitance and charge transfer resistance, respectively.
The Warburg element (W) was included to simulate diffusive processes within the porous
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structure. The CPE (Constant Phase Element) was used by Hinderliter [108] to model
inhomogeneous coatings, the presence of defects, and composition variation.

Table 2. Ecorr and icorr of calcium phosphate/Bioglass coatings obtained by extrapolation of Tafel’s
curves in Figure 5. For comparison, Ecorr and icorr of uncoated AISI 316L were also calculated. The
mean standard deviation was ±1.7%.

Time

0 1 7 14 21 AISI 316L

CaP—0.5 gL−1 BG

Ecorr [V] −0.088 −0.036 −0.057 −0.054 −0.088 −0.187
icorr [Acm−2] 4.83 × 10−7 2.43 × 10−7 4.31 × 10−7 3.91 × 10−7 6.14 × 10−7 2.52 × 10−6

CaP—1 gL−1 BG

Ecorr [V] −0.068 0.056 −0.029 0.009 −0.048 −0.187
icorr [Acm−2] 8.85 × 10−7 4.13 × 10−7 4.07 × 10−7 5.84 × 10−7 8.16 × 10−7 2.52 × 10−6
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Figure 6. Impedance spectra of calcium phosphate/Bioglass coating during 21 days of aging in
simulated body fluid.

The obtained fitting (reported in Table S1) is characterized by a χ2 value of the magni-
tude of 10−4, and the relative error of each parameter is less than 10%. The evolution of the
coating due to the equilibrium between brushite/hydroxyapatite was noted during aging.
The values of the constant phase element exponents, n1 and n2, are lower than those of
uncoated steel since the coating has a more complex morphology than a passive film on
stainless steel. In any case, after 21 days, the overall impedance was higher than 104 Ω.

These results show that the galvanic method yields coatings with good corrosion
resistance properties, which are better than those obtained through electrodeposition [109]
and electrophoretic deposition [110]. However, it is worth noting that a direct comparison
with other results is difficult to achieve. The performance of the coating is linked to its
morphology, composition, and adhesion to the substrate, which strongly depend on the
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substrate itself, the deposition method, and the deposition conditions (i.e., temperature,
agitation, and pH). However, we can compare these results with those concerning other
coatings we obtained using the galvanic deposition method [82,84,86–88]. According to
these results, it can be concluded that the composite with Bioglass has excellent perfor-
mance, which is only surpassed by the composite with biopolymers such as chitosan and
collagen.

Inductive plasma spectroscopy confirmed the ability of the coatings to limit corrosion
phenomena. In particular, the concentration of metal ions (Fe, Ni, Cr, and Mo) released
in the solution from the substrate after 21 days of aging in simulated body fluid was
quantified. As can be observed in Table 3, the concentration of metal ions in the SBF
used to age the samples is very low. In the case of iron, which is the most abundant
element in steel, a concentration ten times lower than that of bare steel was found. A very
low value was also detected in the case of nickel, which was well below the threshold
limits for human health [111]. Furthermore, after 21 days, the concentration of Ca ions
decreased in the simulated body fluid solution due to the incorporation of Ca ions within
the calcium phosphate crystal structure [112] that occurs during aging. Contemporaneously,
the number of P ions increased due to the equilibrium proposed by Nur et al. [102], wherein
phosphate ions are released (Equation (11)).

Table 3. Ion concentrations in the simulated body fluid solution after 3 weeks of aging. For com-
parison, the concentrations of Ca and P ions in the as-prepared simulated body fluid solution were
reported (for both measured and calculated values). The mean standard deviation was 0.7%.

Ions Concentration (ppm)

Fe Cr Ni Mo Ca P

SBF Mis. 0 0 0 0 103.75 31.74
SBF Cal. 0 0 0 0 105 31

AISI 316L 0.088 0 0.197 0 89.16 28.82
CaP—BG 1gL−1 0.001 0 0.076 0 39.26 66.74

The biocompatibility of calcium phosphate/Bioglass-coated (CaP−1gL−1BG) or un-
coated steel (AISI 316L) samples was investigated with respect to MC3T3-E1 pre-osteoblastic
cells grown in a medium previously incubated with AISI 316L or CaP—1 gL−1 BG as re-
ported in the Materials and Methods. Cells grown in a D-MEM medium were used as a
control. The viability assay was performed after 2, 5, and 7 days of treatment using the
CCK-8 assay. As reported in Figure 7, both samples (AISI 316L and CaP—1 gL−1 BG)
presented viability values comparable to those of the control at each time point, suggesting
the good biocompatibility of the devices. Therefore, the percentage of cell viability of
AISI 316L and CaP—1 gL−1 BG (considering the untreated control cells’ percentage to be
100%) was more than 91% at each timepoint (reported in Table 4): after 2 days, 97.37%
and 96.90%; after 5 days, 91.07% and 98.88%; and after 7 days, 91.82% and 92.26% for
AISI 316L and CaP—1 gL−1 BG, respectively. The degree of cell viability, which was well
over 70% compared to the control, confirms the non-cytotoxicity of the tested materials as
determined by the ISO standard.

These data were confirmed through an analysis of cell morphology (Figure 8), which
showed an increase in cell density after 5 and 7 days at the same level as the control.
Moreover, cell morphology observations showed discrete intra-cytoplasmatic granules,
well-spread cells, and less than 20% round cells, indicating an absent or very low cytotoxic
effect (less than 10%) and suggesting good biocompatibility. Therefore, these tests show
that the calcium phosphate/Bioglass-coated samples are biocompatible and suitable for
biomedical applications since they do not release cytotoxic products that alter cell growth.
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Figure 7. Cell viability assay (CCK-8) of MC3T3-E1 cells grown for different times (2, 5, and 7 days)
with complete D-MEM (red, positive control); the CaP—1 gL−1 BG (green) or AISI 316L D-MEM
(blue). Viability was expressed as absorbance at 450 nm (Abs), which is directly proportional to cell
viability. Error bars represent means ± SD for n = 10 (* p < 0.05).

Table 4. Cell viability percentages normalized with respect to the control (100% viability).

Time (Days) CaP—1gL−1 BG AISI 316L

2 96.90 ± 0.57 97.39 ± 0.48
5 98.88 ± 2.33 91.07 ± 2.44
7 92.26 ± 3.56 91.82 ± 1.85
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D-MEM. Magnificence 10X.

4. Conclusions

The galvanic deposition method was used to obtain composite coatings of calcium
phosphate/Bioglass on AISI 316L. the coatings were achieved with different amounts
of Bioglass 45S5, which was suspended in the deposition solution so that it could be
incorporated during the deposition of the calcium phosphate compounds.
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The obtained micrographs showed the formation of a uniform deposit characterized
by small crystals, whose formation was probably due to the physical incorporation of
Bioglass during deposition, which acts as nucleation points for new calcium phosphate
crystals.

Through energy-dispersive X-ray spectroscopy, in addition to detecting the presence
of Si originating from the Bioglass, the Ca/P ratio was calculated, and the values obtained
were attributable to the deposition of both brushite and hydroxyapatite phases. The
presence of these two phases was verified through both Raman spectroscopy and X-ray
diffraction. Both techniques also revealed that the deposit mainly consists of brushite.
Given its amorphous nature, no diffraction peaks of the Bioglass were detected. From
the X-ray diffraction patterns and Scherrer’s equation, it was found that the presence of
Bioglass in the bath leads to the formation of deposits with a smaller average grain size
than deposits without Bioglass.

The coatings were aged for 21 days in simulated body fluid at 37 ◦C. After aging,
the morphology of the deposit changed slightly, while its composition was completely
different. Both Raman spectroscopy and X-ray diffraction showed the presence of only
hydroxyapatite, and energy-dispersive X-ray spectroscopy also revealed the complete
disappearance of Si. This behavior is typical of calcium phosphate compounds, which
naturally tend to transform into hydroxyapatite when immersed in simulated body fluid.
The disappearance of Si was also expected and is a confirmation of the Bioglass’s bioactivity,
which, in simulated body fluid, further stimulates the dissolution of the coating and its
reprecipitation in solely the hydroxyapatite phase.

Of great interest are the results of electrochemical characterization, which showed a
nobler corrosion potential and lower corrosion current density for all samples compared to
those of bare steel from the first day of aging in the simulated body fluid. The coating with
the best performance in terms of resistance to corrosive phenomena was obtained with a
concentration of Bioglass equal to 1 gL−1. Under these conditions, the coating with the
lowest crystallinity and the highest thickness was obtained, which was characterized by a
high dissolution/reprecipitation rate in simulated body fluid and thus better protective ac-
tion against corrosive phenomena. The slowdown of corrosive phenomena in the presence
of the coating was also confirmed through the inductive plasma spectroscopy analysis of
the SBF used for aging. Lower concentrations of Fe (10 times lower) and Ni (more than
half) were found in these solutions compared to that measured in the solution used to treat
bare steel.

Finally, biological tests carried out with MCT3-E1 pre-osteoblastic cells revealed
that the coated samples do not influence typical cellular growth and, consequently, can
be considered non-cytotoxic and suitable for biomedical purposes. Further research is
underway to evaluate the scalability of the method using areas much larger than those
studied herein and deposition on nonplanar substrates to simulate the actual shape of a
prosthesis. Experimentation is also underway using the Ti alloy (Ti-6Al-4V), which we are
coating with a CaP-Polymer-Drug composite, again using the galvanic method.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/coatings13061006/s1, Figure S1: Cell layout; Figure S2: SEM images
of CaP coatings obtained via galvanic deposition under different conditions: (a) unstirring (b) and
stirring; Figure S3: XRD pattern of Bioglass 45S5 powder; Figure S4: Grain size calculated via
Scherrer’s equation at 2-theta degree equal to 11.65 and 20.95; Figure S5: OCP curves of (a) CaP—
BG 0.5 gL−1 and (b) CaP—BG 1 gL−1; Figure S6: Equivalent circuit used to fit EIS data; Table S1:
Composition of SBF; Table S2: Fitting parameters of EIS data obtained for CaP—BG 1gL−1.
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Bożena Łosiewicz 1,*, Agnieszka Stróż 1, Julian Kubisztal 1, Patrycja Osak 1 and Maciej Zubko 1,2

1 Institute of Materials Engineering, Faculty of Science and Technology, University of Silesia in Katowice,
75 Pułku Piechoty 1A, 41-500 Chorzów, Poland

2 Department of Physics, Faculty of Science, University of Hradec Králové, Rokitanského 62,
500 03 Hradec Králové, Czech Republic

* Correspondence: bozena.losiewicz@us.edu.pl; Tel.: +48-32-3497-527

Abstract: This work concerns the search for new ways to modify the surface of the biomedical
Ti–13Zr–13Nb alloy for applications in regenerative medicine and personalized medicine. Obtained
for the first time, oxide nanotubes (ONTs) layers of first-generation (1G) on a Ti–13Zr–13Nb alloy
were produced by anodizing in 0.5% HF electrolyte at 20 V for 120 min. The physico-chemical
characterization of the obtained bamboo-inspired 1G ONTs was conducted using TEM and ATR-FTIR
methods. In vitro corrosion resistance of the 1G ONTs and comparative Ti–13Zr–13Nb substrate in
saline solution at 37 ◦C was conducted by open-circuit potential, Tafel curves, anodic polarization
curves, and EIS methods. LEIS and SVET study of local corrosion resistance was also carried out.
It was found that surface modification by anodizing of the Ti–13Zr–13Nb alloy under proposed
conditions allowed to obtain porous ONTs highly resistant to pitting corrosion. The obtained results
give a new insight into the relationship between the morphological parameters of first-generation
oxide nanotubes and in vitro corrosion resistance of the Ti–13Zr–13Nb alloy in saline solution at the
macro- and microscale.

Keywords: anodizing; corrosion resistance; oxide nanotubes; Ti–13Zr–13Nb alloy

1. Introduction

The human body is a very demanding environment for engineering materials due
to the need to use implant materials that must be highly resistant to corrosion, especially
pitting, in the environment of tissues and body fluids [1–7]. Titanium and its alloys are
currently one of the most commonly used biomaterials in modern medicine. The self-
passive oxide layer formed naturally in the air or the passive oxide layer obtained as a
result of forced passivation on the surface of the titanium-based implants provides their
protection against harmful environmental factors of the human body, thanks to which
these biomaterials can be commonly used in implantology, e.g., for the production of
short- and long-term implants, such as stents, orthodontic wires, dental implants, knee
and hip endoprostheses, plates, bone screws, etc. [1,2]. Insufficient resistance of metallic
biomaterials to corrosion may become a source of elements that have a toxic effect on
tissues or cause carcinogenic reactions in the body [8].

Titanium alloys used in implantology contain toxic elements such as Al, V, and Ni, the
release of which can lead to many diseases such as Alzheimer’s, metallosis, neuropathy,
or a broadly understood allergic reaction [8]. To eliminate the harmful effects of toxic
elements, new alloys based on biocompatible elements such as niobium, zirconium, molyb-
denum, and tantalum have been developed at the turn of the last few years, which act
as stabilizers of the β structure in titanium [9–21]. Therefore, emphasis is placed on the
production of new titanium-based alloys with mechanical properties similar to the Ni-Ti
alloy and greater corrosion resistance, not containing harmful elements such as Ti–Nb–Zr,
Ti–Mo–Zr, Ti–Nb–Ta, Ti–Mo, Ti–Zr, or Ti–Ta [1,2,9–21]. In addition, the surface of titanium
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and titanium alloys is additionally modified by various methods, from mechanical, through
plasma, to electrochemical, in order to increase their corrosion resistance and biocom-
patibility [1–6,9,10,12,22–26]. Electrochemical methods such as electrochemically assisted depo-
sition (ECAD) [5,24], electrophoretic deposition (EPD) [6], or anodizing [7,9–12,14–18,25–33],
the latest development of which is plasma electrolytic oxidation (PEO), have a great po-
tential for development, as they enable a wide modification of the chemical composition,
surface morphology, and are cheap and easy to implement for large-scale production.

One of the electrochemical methods most often used to modify the self-passive oxide
layer on titanium and its alloys, which ensures the possibility of producing self-assembled
oxide nanotubes (ONTs), is anodizing [7,9–12,14–18,25–33]. Oxidation of titanium in
an electric field in an aqueous electrolyte occurs according to the commonly accepted
Guntershulze–Betz model [34]. The process of electrochemical production of a matrix of
ONTs on the titanium and its alloys can be divided into several steps, which depend on the
current density. In the first and shortest step, a compact, barrier oxide layer is produced.
The beginning of the second step is associated with the activation of the barrier oxide layer
by fluoride ions, which, in dissolving the oxide layer, cause the formation of randomly
distributed pores. The start of this step is associated with an increase in the current intensity,
which is caused by reducing the thickness of the oxide layer at the bottom of the pores.
This leads to further deepening of the pores, which, after some time, begin to branch,
overlapping each other competing for the flow of current. Under optimal conditions, the
current flows evenly between the pores leading to the self-assembly of the porous layer,
which begins to take the shape of the ONTs matrix. This is the third step of the process,
characterized by a relative stabilization of the current. After reaching the equilibrium, the
oxide layer thickness, both at the bottom of the nanotubes and in the space between the
nanotubes, is constant as the result of the titanium oxidation rate equaling the dissolution
rate of the formed oxide layer by fluoride ions. This process leads to a gradual increase
in the length of the ONTs, which can be vividly described as the movement of the barrier
layer into the titanium or its alloy, with a relatively small change in the position of the
upper surface of the nanotubes associated with slow, chemical dissolution. Sometimes,
the increase in the length of ONTs is distinguished as the fourth step of the whole process,
but most authors treat it as a further part of the third step. The growth rate of the ONTs
gradually decreases during the anodizing process. Since this rate is the same as the chemical
dissolution rate taking place on the top surface of the layer, further anodizing does not
elongate the formed ONTs [34,35].

The properties of ONTs layers are mainly determined by the chemical composition of
the electrolyte and its temperature, the applied anodizing voltage or current density, and
the substrate material [7,9–12,14–18,25–35]. An increase in the anodizing voltage increases
the pore size by merging small pores into large ones, thereby reducing the number of
pores. Increasing the surface roughness of the implant at the nanoscale contributes to
facilitating the adhesion of osteogenic cells. Due to the similarity of the structure of ONTs
layers to the structure of bone tissue in chemical and morphological terms, the porous
surface of the implant improves the osseointegration as a result of faster growth of bone
tissue and the formation of a stronger bond between the bone and the implant surface [32].
Obtaining ONTs with a high level of pore organization has become a very useful technology
to functionalize the surface of surgical implants, production of biomedical sensors, or drug
carriers [7].

In this paper, we continue our study on surface functionalization of the Ti–13Zr–13Nb
alloy using anodizing [10,14–18,25,26]. The subject of the research was tuning the surface
properties of this alloy towards biomedical applications by producing first-generation
(1G) ONTs layers under new anodizing conditions in hydrofluoric acid solution. Due
to the potential use for long-term implants, the newly developed 1G ONTs layers were
subjected for the first time to in vitro corrosion resistance characteristics in a biological
environment. Considering that usually used direct current (DC) and alternating current
(AC) methods do not provide full information on the corrosion behavior of biomaterials
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because they allow the measurement of only the average current values for the entire
electrode surface in contact with the electrolyte, both electrochemical impedance spec-
troscopy (EIS) and localized electrochemical impedance spectroscopy (LEIS) were applied
at the macro- and microscale, respectively. Both EIS and LEIS were based on the same
principles that a small sinusoidal voltage disturbance was applied to the electrode under
test and the current response was measured, allowing the impedance to be calculated. The
difference was that in the EIS method, the bulk current was measured, and in the case of
the LEIS method, a microprobe scanning close to the electrode surface was used, which
allowed the measurement of the local current in the electrolyte and the calculation of the
local impedance.

2. Materials and Methods
2.1. Substrate Preparation

The substrate material used for anodizing was a commercial Ti–Zr–Nb alloy with a
chemical composition (wt.%): 74—Ti, 13—Zr, and 13—Nb (BIMO TECH, Wrocław, Poland).
This bi-phase (α + β) alloy was obtained as a bar 20 mm in diameter and 1000 mm long.
The bar was in the annealed state and before the tests, it was plastically processed in the
two-phase range with air cooling in accordance with the specifications of ASTM F1713-
08(2021)e1 [36]. Tested samples prepared in the form of discs 3 mm thick were embedded
in duracryl, and then wet-ground on abrasive papers with silicon carbide of various grits
of gradation of 600, 800, 1200, and 2500 (Buehler Ltd., Lake Bluff, IL, USA) using a metal-
lographic grinding and polishing machine Forcipol 202 (Metkon Instruments Inc., Bursa,
Turkey). Then the samples were polished using polishing cloths and suspensions. After
polishing, the samples were placed in an ultrasonic cleaner USC-TH (VWR International,
Radnor, PA, USA) with ultrapure water (Milli-Q Advantage A10 Water Purification System,
Millipore SAS, Molsheim, France) for 20 min to remove unwanted impurities. Then the
samples were degreased with acetone (Avantor Performance Materials Poland S.A., Gliwice,
Poland). The sample cleaning procedure was repeated twice.

2.2. Anodizing Conditions of Ti–13Zr–13Nb Alloy

For the purposes of anodizing, electrodes were made from the prepared alloy samples.
Electrical contact was provided by an insulated copper wire that was attached to the back
side of the alloy samples with epoxy resin. The back side of the alloy samples and the
side walls were protected using a two-component epoxy resin, which was chemically
resistant. The native oxide layer was removed from the electrode surface immediately
before anodizing using depassivation in 25% v/v HNO3 (Avantor Performance Materials
Poland S.A., Gliwice, Poland) for 10 min. The electrodes were then cleaned with Milli-Q
water in an ultrasonic bath for 20 min and placed in an electrochemical cell.

Anodizing was carried out in an aqueous solution of 0.5% hydrofluoric acid (ACS-
grade HF, 48%, Sigma-Aldrich, Saint Louis, MI, USA) at a temperature of 22(1) ◦C at a
voltage of 20 V for 120 min using the PWR800H high-current power supply (Kikusui
Electronics Corporation, Yokohama, Japan). The distance between the sample (anode) with
a geometric area of 0.64 cm2 and the platinum foil (cathode) with an area of 16 cm2 was
constant and amounted to 25 mm. After the anodizing process, the electrodes were rinsed
in Milli-Q water and dried in air at ambient temperature.

2.3. TEM Measurements

The structure of 1G ONTs on Ti–13Zr–13Nb alloy was examined by high resolution
electron microscopy (HREM) method using a JEOL JEM-3010 Transmission Electron Mi-
croscope (TEM, JEOL Ltd., Tokyo, Japan) operating at an acceleration voltage of 30 kV,
equipped with a Gatan 2 k × 2 k OriusTM 833 SC200D CCD camera. During TEM studies,
the microstructure of ONTs without the presence of a substrate was observed. For this
purpose, the anodized Ti–13Zr–13Nb alloy was immersed in isopropanol and sonicated for
60 min in an ultrasonic bath. Then, the ONTs layer detached from the substrate was de-
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posited on a copper mesh covered with an amorphous carbon foil standardized to prepare
a sample for TEM observations.

2.4. ATR-FTIR Measurements

To determine the functional groups of the tested materials, the Attenuated Total
Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR) method was used. ATR-
FTIR absorption spectra were recorded using an IR Trace-100 spectrophotometer (Shimadzu,
Kyoto, Japan) equipped with ATR attachment with a diamond crystal for testing solid-
states. All measurements were conducted in the spectral region of 4000–400 cm−1 at
100 scans per sample at 21(1) ◦C. The radiation was split into two beams, one of which ran
along a path of constant length, and the other was generated by an interferometer with a
moving mirror moving at a constant speed. The changing path length difference of the two
beams caused mutual interference, resulting in an interferogram. The use of the Fourier
transform allowed to transform the interferogram from the time domain to the frequency
domain receiving a spectrum. The infrared (IR) beam penetrated the sample to a depth
of several microns before being reflected. During the measurements, the crystal and the
material under study stayed in contact.

2.5. DC and AC Measurements in Saline

In vitro tests of the corrosion resistance of the studied material were conducted in a
saline solution at the temperature of 37(1) ◦C using the method of open-circuit potential
(OCP), polarization curves, and electrochemical impedance spectroscopy (EIS). A solu-
tion of 0.9% NaCl pH = 7.4(1) was deaerated for 30 min with argon; 4% NaOH and 1%
C3H6O3 were used to adjust the pH. For preparation of the saline solution, analytically pure
reagents (Avantor Performance Materials Poland S.A., Gliwice, Poland) and ultrapure water
were used.

All electrochemical tests were performed using the Autolab/PGSTAT12 computer
controlled electrochemical system (Metrohm Autolab B.V., Utrecht, The Netherlands).
Electrochemical measurements were carried out in a three-electrode system consisting of
a working electrode (WE) in the form of the tested material, a counter electrode (CE) as
a platinum mesh, and a reference electrode (RE) placed in the Luggin capillary against
which all potential values were measured. The RE was a saturated calomel electrode (SCE)
with a potential of 244.4(1) mV. The method of preparation of WE was described in the
work [7]. After stabilization of open-circuit potential (Eoc) for 2 h, the polarization curves j
= f(E) were recorded using the potentiodynamic method in the potential range ±50 mV
in relation to the EOC with the electrode polarization rate v = 1 mV s−1. The obtained
polarization curves were the basis for determining the corrosion resistance parameters.

Subsequently, the EIS spectra were recorded at the EOC in the frequency range from
20 kHz to 1 mHz using 10 frequencies per decade. A sine wave with an amplitude of 10 mV
as an excitation signal was applied. Kramers–Kronig relations (K–K test) were used to
assess the correctness of the obtained EIS data [37]. The analysis of the experimental EIS
spectra was carried out based on the equivalent electrical analogs using the EQUIVCRT
program with Boukamp’s circuit description and the method of complex nonlinear least
squares (CNLS) with modulus weighting [38]. The Fisher–Snedecor test F for the confidence
level of α = 0.01 corresponding to 99% probability was used to check the significance of the
parameters of the equivalent electrical circuits used [37]. The χ2 (chi-square) test was used
for verification of the EIS fit quality.

Susceptibility to pitting corrosion was tested using anodic polarization curves in
the potential window from EOC minus 150 mV to 9.4 V at v = 1 mV s−1. To accurately
visualize and interpret the obtained results, electrochemical noise was eliminated us-
ing the Savitzky–Golay smoothing algorithm and OriginPro 2018 software (OriginLab,
Northampton, MA, USA).

Each type of measurement was repeated thrice, and the values of the determined
parameters were given as mean values with standard deviation (SD).
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2.6. Scanning Electrochemical Measurements in Saline

To analyze local changes in the corrosion resistance of the Ti–13Zr–Nb alloy before and
after electrochemical oxidation, the scanning vibration probe technique (SVET) and LEIS
were used. The SVET and LEIS techniques allowed to determine the distribution of the
ion current density (j) and the impedance modulus (|Z|), respectively, above the surface
of the sample in an aqueous solution of 0.9% NaCl with a conductivity of 16.32 mS cm−1.
Distribution maps of a specific parameter over the material surface (j or |Z|) were recorded
using a PAR Model 370 Scanning Electrochemical Workstation (Princeton Applied Research,
Oak Ridge, TN, USA). SVET and LEIS measurements were carried out in a four-electrode
system: WE, CE as a platinum grid in the SVET technique and a platinum ring applied
to the probe in the LEIS method, RE as SCE, and SVET or LEIS probe. All electrodes
were immersed in a saline solution contained in a glass cell known as the TriCell. For
both techniques, the probe–sample distance was determined using a video camera to be
approximately 150 µm

The SVET technique measured the localized current in a saline above a sample by
virtue of the IR drop in the electrolyte [39]. The connection mode of a sample under poten-
tiostatic control with an isolated potentiostat was used, which reduced noise (Figure 1a). A
potential gradient between the WE and the CE in the saline was directly proportional to
the current and the conductivity of the electrolyte (Figure 1b). A probe immersed in the
electrolyte was perpendicular to the WE. The probe was mounted on a precision vibrating
stage, which vibrated in the vertical plane. The potential of the probe was directly propor-
tional to its position in the potential gradient. The amplitude of the AC potential on the
probe was therefore directly proportional to the current. The probe was scanned in the
saline electrolyte such that the distribution of current on the surface of a sample might be
mapped in the X and Y planes.
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The maps of the ion current density distribution were recorded at a fixed anode cur-
rent density in the passive range of 60 µA cm−2, which corresponded to a potential of about 
2 V vs. SCE on a potentiodynamic curve and a fixed microprobe vibration amplitude of 
30 µm. The scanned area was 512 × 512 µm with a step of 16 µm. Using a gold electrode 

Figure 1. Scheme of the SVET setup with Scanning Electrochemical Workstation Software M370,
Version 1.20: (a) Sample under potentiostatic control with isolated potentiostat; (b) TriCell with a
four-electrode configuration.

The maps of the ion current density distribution were recorded at a fixed anode current
density in the passive range of 60 µA cm−2, which corresponded to a potential of about 2 V
vs. SCE on a potentiodynamic curve and a fixed microprobe vibration amplitude of 30 µm.
The scanned area was 512 × 512 µm with a step of 16 µm. Using a gold electrode with a
diameter of 200 µm immersed in the same solution as the tested materials, a calibration was
performed, which enabled the conversion of the voltage recorded by the SVET microprobe
into the values of the ion current density.

The LEIS technique was used to monitor corrosion mechanisms and kinetics. The
maps of the impedance modulus distribution were measured at the EOC, considered
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approximately as the corrosion potential (Ecor) of the material and the selected frequency,
i.e., 500 mHz. More details about the LEIS technique are available in [40,41].

3. Results and Discussion
3.1. TEM Characterization of 1G ONTs on Ti–13Zr–13Nb Alloy

The 1G ONTs layers were produced by anodizing Ti–13Zr–13Nb alloy at 20 V for
120 min in 0.5% HF solution and then detached from the substrate. Figure 2a,b show
examples of TEM images of the surface morphology of the formed ONTs layer at different
scales. The on-top general view of the obtained ONTs layer in a selected micro-region
revealed a uniform distribution of densely packed ONTs with single and very smooth walls
and a high degree of self-organization. In the TEM image of a single oxide nanotube, its
regular shape can be observed without any fraying at the top of ONT. The cross-section of
a single oxide nanotube has a cylindrical shape. The obtained bamboo-like ONTs showed a
vertical arrangement. No bundles of 1G ONTs growing locally were observed as was the
case with 2G [17] and 3G [18] ONTs on the Ti–13Zr–13Nb alloy.
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under comparable conditions [15]. The mechanism of multi-step formation of 1G ONTs 
layer on the Ti–13Zr–13Nb alloy surface based on activity of fluoride ions in aqueous in-
organic solutions was explained in detail in the previous work [18]. For comparison, 2G 
ONTs with the inner diameter of 61(11) nm, outer diameter of 103(16) nm, and length of 
3.9(2) were formed on the same substrate surface in a 1M (NH4)2SO4 + 2% NH4F solution 
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Figure 2. TEM microscopic image of 1G ONTs produced by anodizing Ti–13Zr–13Nb alloy at 20 V
for 120 min in 0.5% HF solution and then detached from the substrate: (a) On-top general view
of the ONTs layer; (b) On-top general view of the ONTs layer at higher magnification; (c) Single
oxide nanotube.

On the basis of TEM microscopic images, the morphological parameters of the pro-
duced 1G ONTs were determined, such as the average inner and outer diameter of the
oxide nanotube and its length. Under the proposed anodizing conditions, the ONTs with
an average inner diameter of 70(8) nm and an average outer diameter of 90(13) nm were
formed. The average length of the ONTs was 0.91(7) µm. The obtained results are con-
sistent within the limit of error with the values of morphological parameters determined
on the basis of FE-SEM images in selected local areas of the 1G ONTs surface, formed
under comparable conditions [15]. The mechanism of multi-step formation of 1G ONTs
layer on the Ti–13Zr–13Nb alloy surface based on activity of fluoride ions in aqueous
inorganic solutions was explained in detail in the previous work [18]. For comparison, 2G
ONTs with the inner diameter of 61(11) nm, outer diameter of 103(16) nm, and length of
3.9(2) were formed on the same substrate surface in a 1M (NH4)2SO4 + 2% NH4F solution
at 20 V for 120 min [17]. On the other hand, 3G ONTs on the Ti–13Zr–13Nb alloy formed
in 1M C2H6O2 + 4%NH4F at 50 V for 80 min were characterized by the inner diameter
of 218(39) nm, outer diameter of 362(44) nm, and length of 9.7(6) µm [14]. These results
show that anodizing conditions, and in particular the type of electrolyte, have a significant
impact on the morphological parameters of the obtained ONTs.

The proposed ONTs can be saturated with antibiotics and bactericidal/bacteriostatic
substances, which will make it possible to omit the oral route of dosing the drug. The
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drug will act directly in the bone tissue, inhibiting the growth of bacteria already at the
implantation site. Medicinal substances will be released from the inside of the ONTs in the
place of the newly inserted implant. Innovative implants with a layer of ONTs on their
surface can therefore be proposed as intelligent drug carriers in drug delivery systems,
especially for personalized medicine [7]. They will also allow for painless application,
faster healing, and significant acceleration of bone tissue regeneration [1,2,32].

3.2. ATR-FTIR Characterization of Ti–13Zr–13Nb Alloy before and after Anodizing

Measurements of transmittance in the fundamental IR range were based on the phe-
nomenon of total internal reflection of light from the interface of two materials with different
refractive indices. The ATR-FTIR spectroscopy, as one of the most accurate spectroscopic
methods, allowed to assign particular functional groups to specific areas with characteristic
absorption bands. The non-anodized Ti–13Zr–13Nb alloy along with the 1G ONTs layer
was investigated by ATR-FTIR spectroscopy in the range of 4000–400 cm−1 (Figure 3).
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Figure 3. The ATR-FTIR absorption spectrum of the non-anodized Ti–13Zr–13Nb alloy and with 1G
ONTs layer formed at 20 V for 120 min in 0.5% HF solution.

Several characteristic bands for TiO2 are visible in both obtained ATR-FTIR spectra
in Figure 3. The broad TiO2 peak observed at 3896–3577 cm−1 is related to the stretching
vibrations of the hydroxyl group –OH, which represents water as moisture present on
the surface of the material or in the vicinity of the tested sample [42]. Both the ATR-
FTIR absorption spectrum recorded for the non-anodized Ti–13Zr–13Nb alloy and the 1G
ONTs layer produced show a band at the wavelength of 1630 cm−1, which corresponds
to bending modes of water Ti-OH [43]. The peak in the range of 873–558 cm−1 visible
in the ATR-FTIR absorption spectrum for the 1G ONTs/Ti–13Zr–13Nb sample indicates
the presence of TiO2 in the anodic oxide layer on the alloy substrate surface. The peak at
580 cm−1 in both obtained spectra corresponds to vibrations of the Ti-O bond [44]. This
is a peak characteristic of TiO2 present on the surface of the material [45,46]. Bands in the
range of 495–453 cm−1 correspond to the frequency of TiO2 in the rutile phase. Bands at
451 and 410 cm−1 correspond to the frequencies of the anatase nanocrystalline phase and/or
the rutile phase [47]. The results obtained using ATR-FTIR spectroscopy confirmed the
presence of the anodic ONTs layer on the Ti–13Zr–13Nb alloy surface. They are also in good
agreement with the results obtained using the grazing incidence X-ray diffraction (GIXD)
for the obtained 1G ONTs layer, which confirmed the presence of both α-Ti phase and β-Ti
phase from the substrate and titanium oxides such as TiO2 (rutile), TiO3, and TiO [15].
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3.3. Assessment of In Vitro Corrosion Resistance Measurements in Saline Solution
3.3.1. Open-Circuit Potential Measurements

The preliminary assessment of the effect of anodizing the Ti–13Zr–13Nb alloy in the
proposed conditions on the corrosion resistance in vitro in saline solution was carried
out based on the measurement of open-circuit potential. The conditions of the in vitro
electrochemical measurements with the potentiostat open loop corresponded to the in vivo
conditions in the human body. The EOC value was determined as the potential difference
measured between WE and RE without using an external current source in the electrochem-
ical system for 2 h as shown in Figure 4.
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Figure 4. Dependence of open-circuit potential (EOC) on immersion time (t) for the Ti–13Zr–13Nb
electrode without and with 1G ONTs layer in saline solution at 37 ◦C.

After 2 h of immersion, a stable EOC value for both tested electrodes was reached.
After this time, the rate of Eoc change was slower than 1 mV min−1. For the non-anodized
Ti–13Zr–13Nb electrode, the stable EOC was −42 mV(8) V, while for the 1G ONTs/Ti–13Zr–
13Nb electrode, the EOC shift towards cathode potentials was observed. The significant
decrease in the EOC value to −486 mV(24) V for the anodized Ti–13Zr–13Nb electrode
indicates that the initiation of electrochemical corrosion will occur more easily on the
porous surface of ONTs. Such a character of EOC changes initially indicates a greater
thermodynamic tendency to the corrosion of porous 1G ONTs/Ti–13Zr–13Nb electrode.
Figure 4 also shows the influence of the Ti–13Zr–13Nb alloy anodizing on the course of the
EOC = f(t) curve. The observed changes in EOC reflect various trends in the metal | solution
interface variability with increasing immersion time. As shown in Figure 4, the Eoc value
for the non-anodized Ti–13Zr–13Nb electrode gradually shifted in time towards the anodic
potentials. This phenomenon resulted from a spontaneous formation and thickening of an
ultrathin oxide layer on the electrode surface with time [22]. The self-passive oxide layer
protected the Ti–13Zr–13Nb electrode from dissolving in the electrolyte. In the case of the
1G ONTs/Ti13Zr-13Nb electrode, in the initial phase of the measurements, the EOC rapidly
shifted towards the cathode potentials, and then the rate of its changes gradually decreased
until it finally reached a stable value.

3.3.2. Analysis of Tafel Curves

Figure 5 shows the Tafel curves recorded in a narrow range of potentials ±50 mV
relative to the EOC for the Ti–13Zr–13Nb electrode before and after anodizing in saline
solution at 37 ◦C. The obtained log|j| = f(E) dependences were the basis for determining
the corrosion resistance parameters, which are summarized in Table 1.
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Figure 5. Tafel curves for the Ti–13Zr–13Nb electrode before [10] and after anodizing in saline
solution at 37 ◦C. The polarization scan rate was v = 1 mV s−1.

Table 1. In vitro corrosion resistance parameters determined based on the Tafel curves for the
Ti–13Zr–13Nb electrode before and after anodizing in saline solution at 37 ◦C (see Figure 5).

Electrode Type Ecor
(V)

jcor
(A cm−2)

bc
(V dec−1)

ba
(V dec−1)

Rp
(Ω cm2)

CR at Ecor
(mm yr−1)

Ti–13Zr–13Nb [10] −0.038(8) 3.3(7) × 10−7 −0.018(4) 0.012(2) 460(92) 0.003(1)

1G ONTs/Ti–13Zr–13Nb −0.497(26) 4.9(9) × 10−6 −0.033(8) 0.032(7) 50(7) 0.004(1)

The values of corrosion resistance parameters, such as corrosion potential (Ecor), corro-
sion current density (jcor), and cathodic (bc) and anodic (ba) Tafel slope were determined
numerically by fitting the parameters of the Butler–Volmer Equation (1) to the experimen-
tally obtained dependence j = f(E) [48]:

j = jcor

{
exp

[
2.303(E− Ecor)

ba

]
− exp

[
−2.303(E− Ecor)

bc

]}
(1)

Polarization resistance (Rp) and general corrosion rate at Ecor were calculated using
Equations (2) and (3), respectively, according to ASTM G102:89(2015)e1 [49]:

Rp =
B

jkor
(2)

CR = K1
EW
ρ

jkor (3)

where B—Stern–Geary coefficient, K1—conversion constant, EW—equivalent weight, and
ρ—density.

The EW for the Ti–13Zr–13Nb electrode was calculated at 12.5 assuming the thermo-
dynamically stable forms of Ti4+, Zr2+, and Nb5+ based on the Pourbaix diagram of Ti-H2O,
Zr-H2O, and Nb-H2O system, respectively [50]. CR is expressed in mm yr−1 assuming in
the Equation (3) the value of K1 equal to 3.27 × 10−3 mm g µA−1 cm−1 yr−1 and taking
into account jcor expressed in µA cm−2.

The potentiodynamic polarization curves presented in Figure 5 illustrate the course of
anodic and cathodic reactions in the corrosion process of the non-anodized and anodized
Ti–13Zr–13Nb electrodes in saline solution. One of the most important electrochemical
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parameters that quantify the changes in the corrosion resistance of the materials under
study is the Ecor (Table 1). This thermodynamic quantity has values similar to the EOC. The
Ecor can be used as a comparative parameter for the assessment of the corrosion resistance
of various materials in the same corrosive environment. Figure 5 shows the Ecor shift
towards the cathodic potentials for 1G ONTs/Ti–13Zr–13Nb electrode in comparison with
the Ti–13Zr–13Nb electrode before anodizing. Such electrochemical behavior indicates a
lower corrosion tendency for the Ti–13Zr–13Nb electrode covered with a self-passive oxide
layer with stronger barrier properties [10,14,22,51,52].

The jcor value for the porous 1G ONTs/Ti–13Zr–13Nb electrode is ca. 15 times higher
as compared to the jcor determined for the non-anodized substrate (Table 1). The obtained
values are directly proportional to the CR at the Ecor. These results indicate faster dissolu-
tion rate of the anodic 1G ONTs layer as compared to the self-passive oxide layer formed
spontaneously. However, it should be emphasized that the material consumption of both
tested electrodes is on the same order of 10−3 mm yr−1 (Table 1).

The Tafel slope for the cathodic (bc) and anodic (ba) branch were determined based on
the Equations (4) and (5), respectively [48]:

bc = −
2.3RT
αnF

(4)

ba =
2.3RT

(1−α)nF
(5)

In the above equations, R is assigned to the gas constant equal to 8.314 J K−1 mol−1, T
denotes the temperature in K, α means the cathodic transfer coefficient, n is the number of
electrons involved in the reaction, and F is the Faraday constant equal to 96,500 C mol−1.

For both tested electrodes bc > ba, i.e., the rate determining step of the corrosion
process is the slower anodic reaction (Table 1). Based on the results obtained, it is possible
to propose the corrosion mechanism of the investigated materials, which is consistent with
the passive dissolution under anaerobic conditions in a neutral aqueous solution [3,53].

The course of the charge transfer reaction can be described by the following general
reaction in which H2O acts as the oxidation agent:

Me + n ·H2O↔ Me(OH)n +
n
2
·H2 (6)

The Me(OH)n products in Reaction (6) can be metal oxides, hydroxides, or hydrated
oxides. Gaseous hydrogen is also evolved as a product of this reaction.

The Reaction (6) is coupled with the water reduction consuming electrons from the
oxidation reaction. The Reactions (7) and (8) also proceed in a neutral solution:

O2 + 2H2O + 4e− → 4OH− (7)

2H2O + 2e− → H2 + 2OH− (8)

Based on the bc and ba values in Table 1, one can see that the rate of anodic reaction
described by Equation (6) is slower as compared to the rate of the reduction reactions
represented by Equations (7) and (8). It can be concluded that anodizing does not change
the nature of the electrochemical processes occurring on the Ti–13Zr–13Nb electrode in
saline solution. However, a strong decrease in the Rp value is observed for the Ti–13Zr–
13Nb electrode covered with the 1G ONTs layer compared to the non-anodized electrode
with an amorphous native oxide layer (Table 1) [10]. The corrosion resistance of such
electrodes is dependent on both the structure and thickness of the oxide layer [15].

185



Coatings 2023, 13, 875

3.3.3. EIS Study on Mechanism and Kinetics of Electrochemical Corrosion in Saline Solution

EIS method was used for characterization of the interfacial properties of the Ti–13Zr–
13Nb |oxide layer| saline solution system. The experimental Nyquist diagrams for the
Ti–13Zr–13Nb electrode before [10] and after anodizing recorded at EOC in saline solution
at 37 ◦C are shown as symbols in Figure 6a and Figure 6b, respectively. The corresponding
phase angle Bode diagrams are presented in Figure 7. Symbols in Figures 6 and 7 are
experimental data and continuous lines are CNLS fit. The CNLS fitting procedure used
the concept of electrical equivalent circuits in which, instead of capacitors, the constant
phase element (CPE) was applied. The impedance of CPE (ẐCPE) was defined by the
Equation (9) [10]:

ẐCPE =
1

T(jω)φ
(9)

where T is the capacitance parameter expressed in F sφ−1 cm−2 dependent on the potential
of electrode potential, and φ relates to the angle of rotation of purely capacitive line on the
complex plane plots of α = 90 ◦(1 – φ). The CPE is a leaking capacitor with nonzero real and
imaginary components. For φ = 1, T is equal to the capacitance of the double layer (Cdl),
and purely capacitive behavior is observed. According to Equation (9), pure capacitance is
for φ equal to 1, infinite Warburg impedance for φ equal to 0.5, pure resistance for φ equal
to 0, and pure inductance for ]φ equal to 1 [37].

Coatings 2023, 13, x FOR PEER REVIEW 11 of 19 
 

 

represented by Equations (7) and (8). It can be concluded that anodizing does not change 
the nature of the electrochemical processes occurring on the Ti–13Zr–13Nb electrode in 
saline solution. However, a strong decrease in the Rp value is observed for the Ti–13Zr–
13Nb electrode covered with the 1G ONTs layer compared to the non-anodized electrode 
with an amorphous native oxide layer (Table 1) [10]. The corrosion resistance of such elec-
trodes is dependent on both the structure and thickness of the oxide layer [15]. 

3.3.3. EIS Study on Mechanism and Kinetics of Electrochemical Corrosion in  
Saline Solution 

EIS method was used for characterization of the interfacial properties of the Ti–13Zr–
13Nb |oxide layer| saline solution system. The experimental Nyquist diagrams for the Ti–
13Zr–13Nb electrode before [10] and after anodizing recorded at EOC in saline solution at 
37 °C are shown as symbols in Figure 6a,b, respectively. The corresponding phase angle 
Bode diagrams are presented in Figure 7. Symbols in Figures 6 and 7 are experimental 
data and continuous lines are CNLS fit. The CNLS fitting procedure used the concept of 
electrical equivalent circuits in which, instead of capacitors, the constant phase element 
(CPE) was applied. The impedance of CPE ( CPEẐ ) was defined by the Equation (9) [10]: 

φ)jω(T
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Figure 6. Nyquist diagram for the Ti–13Zr–13Nb electrode in saline solution at 37 ◦C with the
equivalent electrical circuit model for the pitting corrosion process: (a) Non-anodized [10]; (b) After
formation of 1G ONTs layer.

The maximum value of ϕ is slightly less than 90◦ in the case of the non-anodized
and anodized Ti–13Zr–13Nb electrodes (Figure 7). For the non-anodized electrode, only
one time constant is present in the electrical circuit (Figures 6a and 7a). Such impedance
behavior characterizes titanium and its alloys coated with a thin oxide layer in a biological
milieu [3,6,10,14,52]. Two time constants are visible in the electrical circuit for the Ti–13Zr–
13Nb electrode with anodic 1G ONTs layer (Figures 6b and 7b). The obtained results are
in accordance with our previous study on the EIS behavior of the autoclaved alloy with a
sintered HAp/nSiO2/Ag hybrid coating [6] and the Ti–13Zr–13Nb alloy with formed ONTs
layers of second- and third-generation [10,14]. The experimental high values of |Z|f→0 are
typical for materials with capacitive behavior and high corrosion resistance [37].
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The EIS experimental data on the protective properties of a self-passive oxide layer
on the surface of the non-anodized Ti–13Zr–13Nb electrode were approximated using the
equivalent electrical circuit model for the pitting corrosion process which is called one-CPE
model (Figure 6a) [10,37]. This model with four adjustable parameters as R1, CPE1-T, CPE1-
φ, and R2 displays only one semicircle on the Nyquist plot [3,6,10,14,37,52]. In this model,
R1 is the solution resistance, CPE1-T denotes the CPE1 capacitive parameter, CPE1-φ is the
CPE1 exponent associated with the Cdl, and R2 is the charge transfer resistance through
the interface of electrode |oxide layer| electrolyte. The construction of such equivalent
electrical circuits as well as the physical meaning of the individual circuit parameters have
been described in detail in earlier work [10,37].

In the case of the Ti–13Zr–13Nb electrode with the layer of 1G ONT, to approximate
the experimental EIS data, the equivalent electrical circuit model for the pitting corrosion
process illustrated in Figure 6b was used. This two-CPE model is described by seven
adjustable parameters, R1, CPE1-T, CPE1-φ, R2, CPE2-T, CPE2-φ, R3, and displays two
semicircles on the Nyquist plot [6,10,37]. In this model, presence of a two-layered structure
of the passive oxide film on the surface of the metallic electrode is assumed. The semicircle
at high frequencies (HF) refers to the outer oxide layer with a porous structure (ONTs)
and is described by the circuit parameters such as R1, CPE-T1, CPE-φ1, and R2. R1 is
the solution resistance, CPE1-T is the capacitance of porous ONTs layer, CPE1-φ is the
CPE1 exponent, and R2 corresponds to the resistance of the ONTs layer. The remaining
parameters of the circuit as CPE2-T, CPE2-φ, and R3 describe the second semicircle at low
frequencies (LF) which refers to the inner-barrier oxide layer directly adjacent to the alloy
substrate and showing strong protective properties. CPE2-T and CPE2-φ are the CPE2
capacitive parameter and the CPE2 exponent, respectively, related to the barrier oxide layer.
R3 is the resistance of this barrier oxide layer.

Figures 6 and 7 illustrate the CNLS-fitted data marked as continuous lines which were
obtained using the described electrical equivalent circuits. The very good quality of the
CNLS fit is observed. All CNLS-fit parameters determined using the one-CPE equivalent
electrical circuit model shown in Figure 6a for the Ti–13Zr–13Nb electrode before anodizing
are summarized in Table 2. Table 3 presents all CNLS-fit parameters determined using
the two-CPE equivalent electrical circuit model shown in Figure 6b for the Ti–13Zr–13Nb
electrode with 1G ONTs layer.
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Table 2. The parameters with standard deviations determined by approximation of the experimental
EIS data for the non-anodized Ti–13Zr–13Nb electrode in saline solution at 37 ◦C [10] and the one-CPE
equivalent electrical circuit model for the pitting corrosion process (see Figure 6a).

Electrode Type R1
(Ω cm2)

CPE1-T
(F cm−2 s φ−1) CPE1-φ R2

(kΩ cm2)

Non-anodized Ti–13Zr–13Nb 20.69(2) 0.73(5) × 10−5 0.877(8) 1.01(1)

Table 3. The parameters with standard deviations determined by approximation of the experimental
EIS data for the anodized Ti–13Zr–13Nb electrode in saline solution at 37 ◦C and the two-CPE
equivalent electrical circuit model for pitting corrosion process (see Figure 6b).

Electrode Type R1
(Ω cm2)

CPE1-T
(F cm−2 s φ−1) CPE1-φ R2

(Ω cm2)
CPE2-T

(F cm−2 s φ−1) CPE2-φ R3
(Ω cm2)

1G ONTs/
Ti–13Zr–13Nb 0.57(1) 5.08(34) × 10−3 0.805(9) 1.46(3) 1.87(2) × 10−2 0.821(1) 916(12)

The value of R2 = 1.01(1) kΩ cm2 is obtained for the Ti–13Zr–13Nb electrode before
anodizing (Table 2), which is close to the Rp parameter determined based on the polarization
curves near the EOC (Table 1). The obtained results prove the correctness of the performed
EIS tests. In physical and chemical terms, the parameters R2 and Rp mean the same and
refer to the ongoing corrosion process according to Equation (6). In the case of the Ti–
13Zr–13Nb electrode with 1G ONTs layer, the charge transfer resistance associated with
the outer oxide layer, R3 of 916(12) Ω cm2, is over 627 times higher in comparison with R2
(Table 3). This phenomenon may result from the fact that the local electrolyte concentration
inside the oxide nanotubes strongly increases compared to the pH in the volume of the
electrolyte, which intensifies the destructive processes at the bottom of the oxide nanotubes.
The deviation of CPE-φ parameter from 1 can be related to physico-chemical or geometrical
inhomogeneities [37].

3.3.4. LEIS and SVET Study of Local Corrosion Resistance in Saline

Figure 8 shows the distributions of the local values of the impedance modulus |Z|
over the surface of the Ti–13Zr–Nb alloy before and after electrochemical oxidation in
0.9% NaCl solution. The average value of impedance irregularities determined for non-
anodized Ti–13Zr–Nb and after electrochemical oxidation are approximately 1.6 kΩ and
13 Ω, respectively. On this basis, it can be concluded that the surface of the non-anodized
Ti–13Zr–Nb alloy is characterized by a relatively heterogeneous distribution of impedance
values compared to the Ti–13Zr–Nb alloy with 1G ONTs layer. The cause of local impedance
fluctuations (of the order of several kΩ cm2) is probably the non-uniform thickness of the
natural passive layer formed on Ti–13Zr–Nb in the initial state. From a thermodynamic
viewpoint, Ti and its alloys can react quickly with oxygen and produce stable metal oxides
on the surface. Native oxide films formed in the air are ultrathin [3,22,51]. The thickness of
the native oxide film exposed to air increases over time. Its composition and microstructure
are dependent on the temperature and pH of the environment. The native oxide film on
the surface of Ti and its alloys often becomes inhomogeneous as it grows, which may be
the cause of a relatively heterogeneous distribution of local impedance values. Therefore,
in order to increase the stability of the native oxide layer on the titanium and its alloys,
ensuring high corrosion resistance of implants, forced passivation is often used in clinical
practice. It should be noted that the average value of the impedance modulus determined
for the non-anodized Ti–13Zr–Nb is over 8 times higher compared to Ti–13Zr–Nb after
electrochemical oxidation. For Ti–13Zr–Nb in the initial state, it is 20.3 kΩ cm2, and for
Ti–13Zr–Nb after electrochemical oxidation, it is equal to 2.5 kΩ cm2. This effect is related
to the formation of a porous layer of ONTs as the outer part of the passive layer. The
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analysis of the impedance distribution maps recorded at EOC confirms and complements
the results o btained with the EIS method (Figures 6 and 7).
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The scanning vibrating electrode (SVET) technique also known as scanning vibrating
probe (SVP) technique was used to measure the localized current flowing in a saline
electrolyte above the tested samples. Figure 9 presents distributions of local values of ion
current density (j) over the surface of the non-anodized and anodized Ti–13Zr–Nb alloy in
a 0.9% NaCl solution.

The obtained SVET maps show that the average value j determined for the Ti–13Zr–Nb
alloy in the initial state is about 2 times higher compared to the anodized sample. For the
non-anodized Ti–13Zr–13Nb alloy, the average j is 81 µA cm−2, and for the Ti–13Zr–Nb
substrate covered with a layer of 1G ONTs, it is 41 µA cm−2. The observed difference in the
anodic current values indicates that the electrochemical oxidation process is faster/easier
on the non-anodized surface of the Ti–13Zr–Nb alloy compared to the material on which the
oxide layer has already been formed. It proves that it is easier to oxidize the fresh surface
of the Ti–13Zr–Nb alloy than to thicken the already existing oxide layer. The average
value of current density irregularities determined for the Ti–13Zr–Nb alloy before and
after anodizing are about 10 µA cm−2 and 9 µA cm−2, respectively. On this basis, it can
be concluded that the surface of the Ti–13Zr–Nb alloy, both in the initial state and after
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electrochemical oxidation, is characterized by a relatively homogeneous distribution of ion
current density values.
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3.3.5. Study of Anodic Polarization Curves on Susceptibility to Pitting Corrosion in Saline

The susceptibility of the Ti–13Zr–13Nb alloy without and with the 1G ONTs layer to
pitting corrosion in the saline environment was determined on the basis of recording the
anodic polarization curves obtained by the potentiodynamic method. A continuous change
of the WE potential was recorded with the electrode polarization rate v = 1 mV s−1 with the
simultaneous recording of the current flowing through the interface electrode | solution.
The measurement was carried out from the potential 150 mV as more negative in relation
to the EOC towards the anodic potentials to the value of 9.4 V, recording the cathode–anode
transition. Comparison of anodic polarization curves in the form of log|j|=f(E) for the
non-anodized and anodized Ti–13Zr–13Nb electrodes is shown in Figure 10.
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Figure 10. Anodic polarization curves for the non-anodized and anodized Ti–13Zr–13Nb electrode in
saline solution at 37 ◦C.

Based on the obtained potentiodynamic characteristics in a very wide range of poten-
tials, a similar course for both tested electrodes and their passive anodic behavior can be
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stated. However, one can observe that the formation of the 1G ONTs layer by anodizing
of the Ti–13Zr–13Nb electrode causes the shift of the anodic polarization curve towards
cathodic potentials. This is due to the decrease in the corrosion resistance of the porous
1G ONTs layer in comparison to the smooth and ultrathin oxide layer formed sponta-
neously on the surface of Ti–13Zr–13Nb. The lower passive current densities of the order of
10−5 A cm−2 were also observed for the non-anodized Ti–13Zr–13Nb electrode, which
indicate the slower anodic dissolution according to Equation (6) in the case of the self-
passive layer. Importantly, on both recorded anodic polarization curves, no increase in
the measured passive current density is observed up to 9.4 V, which would be associated
with the initiation of pitting corrosion in saline solution. Determination of the breakdown
potential of the oxide layers on the Ti–13Zr–13Nb electrode above the applied anodic
limit was impossible due to the limitations of the potentiostat and the stability of RE. The
obtained anodic characteristics confirm the excellent corrosion resistance in vitro of both
the non-anodized and anodized Ti–13Zr–13Nb electrodes in saline solution containing
aggressive chloride ions, which is required for long-term implants.

4. Conclusions

Based on the conducted studies using TEM and ATR-FTIR methods, it was found that
the surface modification of the biomedical Ti–13Zr–13Nb alloy via anodizing in a 0.5% HF
electrolyte at 20 V for 120 min allowed to produce nanotubular oxide layers.

The obtained 1G ONTs with a rutile structure have the average inner diameter of
70(8) nm, average outer diameter of 90(13) nm, and average length of 0.91(7) µm. EIS
study of the anodized Ti–13Zr–13Nb electrode revealed the impedance behavior typical for
titanium and its alloys covered with a porous oxide layer, which was confirmed by local
corrosion resistance parameters obtained by LEIS and SVET methods. The slight decrease
in corrosion resistance of the anodized Ti–13Zr–13Nb electrode in comparison with the
self-passive Ti–13Zr–13Nb electrode was revealed. However, no susceptibility to pitting
corrosion up to 9.4 V was found in potentiodynamic studies for both the non-anodized and
anodized Ti–13Zr–13Nb electrode, confirming their excellent in vitro corrosion resistance
in saline solution. Thanks to the ability to control the diameter and length of the nanotubes,
the porous surface of the 1G ONTs layer can also be used as an intelligent drug carrier and
accelerate the process of osseointegration.
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9. Ossowska, A.; Zieliński, A.; Supernak, M. Formation of High Corrosion Resistant Nanotubular Layers on Titanium Alloy
Ti13Nb13Zr. Solid State Phenom. 2011, 183, 137–142. [CrossRef]

10. Smołka, A.; Dercz, G.; Rodak, K.; Łosiewicz, B. Evaluation of corrosion resistance of nanotubular oxide layers on the Ti13Zr13Nb
alloy in physiological saline solution. Arch. Metall. Mater. 2015, 60, 2681–2686. [CrossRef]

11. Luz, A.R.; de Souza, G.B.; Lepienski, C.M.; Siqueira, C.J.M.; Kuromoto, N.K. Tribological properties of nanotubes grown on
Ti-35Nb alloy by anodization. Thin Solid Film. 2018, 660, 529–537. [CrossRef]
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18. Łosiewicz, B.; Skwarek, S.; Stróż, A.; Osak, P.; Dudek, K.; Kubisztal, J.; Maszybrocka, J. Production and Characterization of the
Third-Generation Oxide Nanotubes on Ti-13Zr-13Nb Alloy. Materials 2022, 15, 2321. [CrossRef]

19. Lee, T. Variation in Mechanical Properties of Ti-13Nb-13Zr Depending on Annealing Temperature. Appl. Sci. 2020, 10, 7896.
[CrossRef]

20. Davidson, J.A.; Kovacs, P. New Biocompatible, Low Modulus Titanium Alloy for Medical Implants. U.S. Patent No. 5,169,597,
8 December 1992.

21. Lee, M.; Kim, I.-S.; Moon, Y.H.; Yoon, H.S.; Park, C.H.; Lee, T. Kinetics of Capability Aging in Ti-13Nb-13Zr Alloy. Crystals 2020,
10, 693. [CrossRef]

22. Szklarska, M.; Dercz, G.; Simka, W.; Łosiewicz, B.A.c. impedance study on the interfacial properties of passivated Ti13Zr13Nb
alloy in physiological saline solution. Surf. Interface Anal. 2014, 46, 698–701. [CrossRef]

23. Osak, P.; Maszybrocka, J.; Zubko, M.; Rak, J.; Bogunia, S.; Łosiewicz, B. Influence of Sandblasting Process on Tribological
Properties of Titanium Grade 4 in Artificial Saliva for Dentistry Applications. Materials 2021, 14, 7536. [CrossRef] [PubMed]

24. Osak, P.; Maszybrocka, J.; Kubisztal, J.; Łosiewicz, B. Effect of amorphous calcium phosphate coatings on tribological properties
of titanium grade 4 in protein-free artificial saliva. Biotribology 2022, 32, 100219. [CrossRef]
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26. Stróż, A.; Luxbacher, T.; Dudek, K.; Chmiela, B.; Osak, P.; Łosiewicz, B. In Vitro Bioelectrochemical Properties of Second-
Generation Oxide Nanotubes on Ti–13Zr–13Nb Biomedical Alloy. Materials 2023, 16, 1408. [CrossRef] [PubMed]

27. Durdu, S.; Cihan, G.; Yalcin, E.; Altinkok, A. Characterization and mechanical properties of TiO2 nanotubes formed on titanium
by anodic oxidation. Ceram. Int. 2021, 47, 10972–10979. [CrossRef]

28. Ossowska, A.; Olive, J.-M.; Zielinski, A.; Wojtowicz, A. Effect of double thermal and electrochemical oxidation on titanium alloys
for medical applications. Appl. Surf. Sci. 2021, 563, 150340. [CrossRef]
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